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CHAPTER I

INTRODUCTION AND HISTORY

Warren C. Strahle

During the past decade and one-half there has been a largely expanded base

of knowledge developed in turbulent reacting flows. This has come about through
development of advanced experimental methods and increased computational

power. The area has always been an important one since virtually all combustion
driven-power extraction devices operate with a turbulent working fluid. In

discussions between the author and many members of the technical community

during the summer of 1983, it became evident there was concern about a feeling of

chaos in the relationship between theory and experiment. Experiments appeared to

be diverse in purpose, and several analytical models of different types had been

developed with little comparison between methods. Citing the prior efforts at

* computation/experiment consolidation by NASA(1972), Kline, Morkovin and Moffet

:*- (1969) and Kline, Cantwell ana Lilley (1981), the author approached the Air Force

* Office of Scientific Research with an offer to conduct a program similar to that
run at Stanford in 1968, but on turbulent reacting flows as opposed to turbulent

boundary layers. The Air Force, with Dr. Leonard H. Caveny as program monitor,

agreed to the concept and this report is the culmination of the effort that ensued.

Because of their experience in the type of effort envisaged, the author met

with Professors S. 3. Kline and B. 3. Cantweii of Stanford University late in the

summer of 1983. At this meeting the author was briefed in the successes, troubles
• ,and procedures of the Stanford Conferences. This meeting was valuable and is

gratefully acknowledged. The result was a plan for two major Georgia Tech/AFOSR

ys Conferences on Turbulent Reacting Flows. The first would be a data base analysis
meeting whereby certain well documented flows would be chosen for data encoding.

The second would be a meeting at which computors would test their methods

against the documented flows. For reasons below only the first meeting was

scheduled and this document is basically a report of that meeting.

An Advisory Committee was first set up to advise the author on personnel and
procedures required to actually conduct the effort. The Advisory Committee

consisted of
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Professor Craig T. Bowman, Stanford University S

Professor Howard W. Emmons, Harvard University

Dr. Dan L. Hartley, Sandia National Laboratories

Professor Stanford S. Penner, University of California at T J Jolla

From their suggestions an Organization Committee was set-up to c..duct the work.

The Organization Committee consisted of

Dr. Michael C. Drake, General Electric

Professor Gerard M. Faeth, University of Michigan Professor Frederick C.

Gouldin, Cornell University

Dr. Sheridan C. Johnston, Sandia i\. .J1.--il Laboratories

Professor Wolfgang Kollmann, Uni ...._..t); (if California at Davis

Professor Spyridon G. Lekoudis, Georgia Institut of Technology

Professor Paul A. Libby, University of California at La Jolla

Dr. Geoffrey 3. Sturgess, United Technologic Corporation

Professor G. S. Samuelson, University of California at Irvine

Professor 3. H. Whitelaw, Imperial College of Science and Technology

As time progressed Dr. Sturgess found that he could no longer serve and he was

replaced by Dr. Edward J. Mularz of NASA Lewis Research Center.

The Organization Committee had three meetings. They were at

Reno, Nevada - January 12, 1984

Ann Arbor, Michigan - August 17, 1984

Atlanta, Georgia - December 10- 11, 1984

The first meeting was held to determine the scope of the effort and to assign

people to be data base analysers. Just as the initial Stanford Conference was highly

restricted in the number of flows considered, the committee decided to limit the

categories of turbulent reacting flows to be considered. First of all, the lecision

was made to limit consideration to only those flows that could be amnAlytically

treated by para'olic methods. Elliptic flows were eliminated from consider at. -.n.

Then the following four data classes were identified:

2.

2I
r



Variable density nonreacting flows

Fast reaction non-premixed flows

bSlow reaction non-premixed flows

Premixed flows that could be parabolically treated

The data base analysers chosen for these four categories were Gouldin and

Johnston, Faeth and Samuelson, Kollmann and Drake, and Libby and Whitelaw,

respectively. As the program progressed and it became evident that a large task
was at hand, other workers were drawn in, and their names appear as authors in the

Chapters to follow. The charge to the analysers was to a) seek flows in their

categories that were suitable for computational test, b) identify, if possible, the

accuracy of the data and c) identify gaps in the data.

The second meeting was held primarily as a progress report event, after seven
months of effort. At that time, it was becoming evident that there are several

problems with the available data bases in turbulent reacting flows. Ideally, the
following items would be desireable in a data base which is to be used for

gcomputational test:

1. Measurement of a vector, scalar and some turbulence quantity
2. Measurement at many streamwise and cross stream stations

}. S~ufficiently high Reyolds number to guarantee turbulence

4. Measurement of some macroscopic variables such as flame length
5. Interpretability of measurement in terms oi a Favre or conventional

,*.. quantity

6. -Ugh measurement accuracy or at least an accuracy estimate

7. Large density differences in the case of variable density non-reacting
flows

8. Confidence in the parabolic treatment

9. Measurement of initial conditions and adequate mean pressure gradient

specification
10. Minimal intrusiveness of measurement

11. Fully turbulent flow everywhere in the computational domain

.,4
a
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It was concluded, however, that no available data bases would meet these criteria.
Some were sufficiently close to warrant further scrutiny. However, because of the
pessimisim at that time, it was decided to delay any efforts at creating a
computer-based data encoding process until after the next meeting; it was
becoming clear that a computational effort may be premature. Pa

At the final meeting in Atlanta several flows had been identified which could
be used for computational test, to varying degrees of completeness and certainty.
The Committee had to reach, however, to some data bases that were not yet
complete in their documentation in the published literature. Moreover, the
evaluation of the data was 'n two cases carried out partially by workers who were
closely allied to the original data taking process. There were, however, sufficient

independent checks by non-allied workers that this i5 not believed to be a problem.

The primary decision at the final meeting was to recommend that a
computational effort not be initiated at this time. This decision was unanimous but
not applauded. There were several reasons for this opinion, and some of them were
independent of the data bases' quality and were linked to an opinion of what the

computors could do. Most theories or models of turbulent reacting flows are
application-specific and cannot be readily used for flows of different character or

chemistry from those for which they were developed. This precludes asking the
computor community to calculate several mandatory flows which may cross
technical lines (e.g., a premixed flow and a diffusion flame). Indeed, for many
flows, even though of relative simplicity, the calculation require a research effort
of considerabie magnitude. Acknowledging, however, that a computational effort
for individual flows might be of use, the decision to abort a large community-wide
computational effort finally laid at the quality of the data bases. Here there are
some problems with some of the flows in a) completeness, b) low Reynolds number,

c) specification of the initial and boundary conditions, d) containment of a laminar-
turbulence transition e) uncertainty as to the accuracy of measurement and f)
uncertainty in the type of weighting (averaging) of the measurement. Moreover,
there is some uncertainty in some of the flows whether or not a parabolic
treatment would be adequate, and it is certain in some of the flows that buoyancy

would have to be considered. In short, the Committee's opinion was that the

4
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computation of each flow is a subject of research, not routine computation, and

that calcuLation of these flows is best handled on an individual basis where the

uncertainties can be systmatically explored.

This is not an indictment of the turbulent reacting flows experimental

community. Most of the work reviewed was never intended to acc as a data base to

test models and computation accuracy; they were often intended to test specific

physical hypotheses or provide exploratory information. Indeed, the generation of

such data bases is a relatively new activity for the community. The Committee,

however, was looking for a breadth of information on each flow which was often

absent because the data were gererated for purposes other than computational

test. The fact that some flows were rejected from consideration for the purpose at
hand is therefore not intended as a judgement concerning the quality of the work.

Some may question if it is appropriate of the Committee to emphasize
relatively simple turbulent ilows involving chemical reaction without the

complication of complex geometries, radiative transfer and multiple phases. These
complications enter significantly in practical applications, and the Committee was
well aware that a parallel effort of application of models to these situations is

being carried out Oy industrial and government organizations.It is important to
recall that in a simpler but related field, namely in the phenomenology of turbulent

flows with constant fluid properties, there is currently much discussion and

*controversy concerning the new sophisticated methods applicable to such flows.

There are some who believe that such methods should develop in an evolutionary

manner, through simple toward complex flows, so that ultimately the flows of more
.i practical interest can be treated with soundly based approaches. Others are

impatient with this view and consider that use of the new methods is justified by

their ability to attack practical problems even though many details of the analysis

are uncertain. Moreover, when applied to entirely new situations in the absence of
experimental data the results are suspect. In the view oi this Committee, the added

complexities of turbulent combustion, in particular the presence of significant

variation in density, leading to the possibility of new transport and turbulence
produc-tion mechanisms, suggest that the conservative perspective of the first

group should be adopted. It is hoped that in due course the evolving predictive

methods assessed and improved on the basis of the experimental data emphasized

5
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here, and expected to be forthcoming in the near future, will lead to soundly based

methods of direct use to the designer.

The following four chapters contain the results of data base analysis in each

of the four chosen areas. For a quick preview of the results the reader may turn

directly to the section RECOMMENDED CASES in each of the chapters. Detailed

tabulation of the data results are located in the appendices. References for each

data area are given at the end of each chapter rather than being all lumped

together at the end of the report. There is some overlap of materiai between the

chapters in discussion of experimental methods. It was decided to give the authors

their own latitude here, rather than construct a separate section.

6
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CHAPTER 2

NONREACTING MIXING FLOWS

F. C. Gouldin, S. C. Johnston, W. Kollmann and R. W. Schefer

LITERATURE SEARCH

Introduction

The literature on free shear flows is quite extensive, and there are

several reviews available on the subject (see for example Townsend (!976),

Hinze (1975), Rajaratnam (1976), Abramovich (1963), Fischer, et al(1979) and
List (1982)). Not all of the literature on free shears flows is entirely relevant

'to combustion problems. Time and space constraints place a practical limit

on the types of flows that can be considered in this review. Thus at the

outset several conditions and restrictions arc made to hcp dcfinc and 1"Imi

the type of flows reviewed. As noted the overall objective of this work is to
review data available on various classes of turbulent flows for their

suitability as test flows for the evaluation of turbulence models applicable I
to reacting flow problems. For this purpose it is required that the flows be

pstationary and parabolic and have dean, well defined boundary conditions.

Furthermore it is appropriate to restrict attention to free shear flows since 0
lv these flows (as opposed to boundary layer flows) are found in most

combustion devices and are typical of the laboratory flames for which model

validation data are most likely to be available. In this review attention is
limited primarily to studies where both scalar and velocity data are

obtained. This focus i! quite restrictive but ii justvifed on the grounds that
Laoth types of data are necessary for satisfactory evaluation of model

performance.

8 F.



Wake flows will not be considered for several reasons. One, emphasis

in the constant density mixing flows part of this review is placed on taking

advantage of similarity, and many wake flows are not similar (see below).

Two, since the flow immediately behind a bluff body is elliptic, parabolic

flow calculations must be initiated downstream of this elliptic flow region

where the specification of necessary initial conditions is difficult. Three,

since little reactive flow data are available for wake flows, it seems

appropriate to concentrate effort on jets and mixing layers, flows for which

reacting flow data are available.

Scalar mixing measurements require the introduction of a scalar

uniformity either in temperature or composition which generally causes a

density nonuniformity. Thus it is necessary to establish a criterion to

distinguish those experiments where the density variations are significant

from those where they are not. With the exception of two-dimensional

mixing layers, very large initial density differences are required for density

fluctuations to be significant beyond the initial mixing region. Consequently,

surprisingly large initial density differences are acceptable in constant

density mixing studies. Exactly how large initial differences may be is not

clear. For present purposes we arbitrarily classify those flows with an

initial density ratio of high over low density equal to or greater than 1.5 as

variable density flows. Flows having a value for this ratio of less than 1.5

are considered constant density mixing flows. Also all mixing layer flows

with any but the smallest density difference are considered to be variable

density flows.

Data needs for model evaluation

The capability of modern experimental technique is such that copious

amounts of very detailed data can now be collected and analyzed (especially

for room temperature, constant density flows). Experiments are undertaken

for various reasons and no two experiments are likely to generate the same

data. Thus a brief discussion of the type of the data required for model

evaluation is appropriate.

9



First and foremost, first moments of axial velocity and scalar

quantities are needed at sufficient axial and lateral locations to fully

characterize the evolution of the mean velocity and scalar fields. Of equal

importance is the specification of necessary inlet and boundary conditions.

Of nearly equal importance are data for second-order correlations, eg.

Reynolds stresses. since these correlations are the quantities predicted by

most turbulence models. Most work reports data for other quantities such as

spectra, intermittency, dissipation, higher moments, etc. Of this type of

information intermittency and data which allow for a comparision of the

important terms in equations for turbulence quantities such as a turbulence

kinetic energy budget seem exceptionally useful. Also pdf data are

extremely valuable to researchers developing model evolution equations for

pdf's describing turbulent flows and to those using pdf's in the modeling of

nonpremixed flames.

For flows exhibiting similarity the specification of the mean velocity

and mean scalar fields is straight forward and requires relatively few data.

(However many measuren;ents are usually necessary to establish the

existence of similarity.) In similar jet and wake flows (Townsend, 1976)

U = U1 + uof(T)

j (I)q0 2g1((

= qo2g (i)

T 2 g (A), etc.

The parameters uo, q0 , and 1O, which are functions of x alone,
describe the spreading rate of the mean velocity and turbulence fields,
while the functions f, gij' gi and g describe the lateral variation of flow field
properties. When similarity does not obtain, a large number of

measurements at different axial and lateral stations are required to

10



determine the mean field properties. The exact amount of data required

depends on the character of the flow and, hence, cannot be predetermined.

For boundary conditions, the axial pressure gradient and conditions at

large lateral distance should be investigated. It is easy to underestimate the

significance of the boundary conditions. For example, flow entrainment can

induce large scale recirculating flows in free jet experiments performed in

rooms (8radshaw 1977). (This flow was induced apparently by jet

entrainment.) It is clear that the investigator must exercise great care in

avoiding outside and unnoticed interferences. In confined flows it is essential

that axial pressure gradients and coflowing stream velocity be carefully

measured. Finally, the assumption is frequently made that the flow is non-

turbulent away from the jet. This assumption should also be verified.

The determination of appropriate initial conditions is a tricky

business with several unresolved problems. First, different modeling

approaches, eg., k-c versus a pdf approach, may have widely different

requirements for initial conditions, while similar approaches may still have

different needs. Second, since most turbulence models do not attempt to

model the transition from laminar to turbulent flow it would seem desirable

for the inlet flow to be turbulent or have turbulent regions, eg., a turbulent

boundary layer. Third, new turbulence models, not yet developed, are likely

to require information on the inlet flow not considered at present to be

important. Fourth and most significantly there is confusion regarding the

influence of initial conditions on the developed, self-preserving, turbulent

flow far downstream of the nozzle forming the jet.

Experimental data on jets exhibit considerable variation in spreading

rate and in the centerline variation of mean velocity and of its variance (see
Table 1). These variations may be manifestations of sensitivity to inlet

conditions. (NB: Current turbulence models are unsatisfactory in their

ability to predict spreading rate and centerline variations in mean and

variance.) There is some experimental evidence (Hill et al. 1976) for free
row'ad and plane jets that, when the flow is initially laminar, jet spreading
rates, centerline mean velocity decay and centerline turbulence

characteristics are functions of the initial velocity and the experimental

* U°



system. Hill et al. (1976) attribute the observed sensitivity to large scale

structures seen by spark schlieren in the laminar but not in the turbulent

flow cases. It should be noted that the measurements of Hill et al. (1976) as
4%

reported were not carried to large axial distance where one might

reasonably expect initial conditions to have little influence on jet properties.

Accoraing to Wygnanski and Fielder's data (1969), the round jet does not

become self-preserving in turbulence quantities until x/D > 60, while for a

plane jet an x/D > 40 is required according to the data of Gutmark and

Wygnanski (1976). In view of the large axial distance required to obtain good

flow similarity it is reasonable to suspect that the sensitivity to initial

conditions reported by Hill et al. (1976) is the result of not obtaining self

preserving flow. On the other hand Bradshaw (1966, 1977) attributes r
variations in jet spread and centerline evolution to different initial

conditions and to conditions in the fluid into which the jet is flowing. Clearly

there is a significant uncertainty associated with the establishment of

appropriate inlet conditions.

One appropriate response, for now, to the problem of choosing and
measuring inlet conditions is to design an experiment with well defined and

easily determined inlet conditions. Laminar flow with thin laminar boundary

layers for which displacement and momentum thicknesses are measured is

one example. In this case the inlet flow is well known, but transition to

turbulence occurs in the calculation domain.

An alternate strategy for handling initial conditions is to start with a

turbulent flow or turbulent boundary layers thus avoiding having transition in

the calculation domain and perhaps avoiding large scale structures. The
problem with an initially turbulent flow is that careful and extensive

measurements are required to specify the turbulent flow and it is likely,

given our current imperfect understanding of turbulent flows, that not all

quantities needed for future tests would be recognized as important and

therefore measured. To guard against this possibility careful and thorough

experimentation is recommended, and the raw data should be stored on

magnetic tape against future needs to analyze the data for new turbulence
properties.

12 ?U
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Clearly more research on the sensitivity of turbulent flows to inlet
conditions and to conditions in the ambient fluid is needed. At the present
time the reviewers believe that for model evaluation purposes it is best to
have the initial flow turbulent, whether or not large structures are avoided
thereby, since with this initial state transition does not occur in the

calculation domain. For the round jet, fully developed turbulent pipe flow
seems to be a good choice, while in other cases a turbulent boundary layer

can be induced by tripping. (For plane jets the turbulent boundary layer
approach is debatable because of the growth of side wall boundary layers in
the jet nozzle and possible secondary flows.) For initially turbulent flow,

means, variance and important correlation terms should be measured at the

nozzle exit as well as the turbulence dissipation rate if at all possible. The P

measurement of other properties as appropriate should be considered. It
should be the obligation of the researcher to know his flow and what should

r
be measured for inlet specification.

Constant density mixing flows
As noted above, the development of a similar flow can be described N.

by relatively few functions and parameters, and this simplification should be

utilized whenever possible. Unfortunately the conditions for similarity are
quite restrictive, and even when similarity is allowed theoretically, it may
not develop or be very late (far downstream) in developing practically. For

example the free jet data of Wygnanski and Fielder (1969) show that while
first moments appear to have similar profiles after 20 x/D the second
moments do not achieve similarity until over 60 x/D at which point the axial
decay rate of the centerline mean axial velocity changes.

Townsend (1976) discusses conditions necessary for similarity in two-
dimensional free shear flows. As noted above the conditions are very
restrictive and as a consequence only a limited subset of free shear flows

are truly similar or self-preserving. The similarity constraints are
determined by substituting the functional forms presented in Eq. I into the

13
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appropriate conservation equations and multiplying terms in order to gather3the scales, U1 , u0 , etc., into groups. For simnilarity these groups must be
either zero or independent of x, a condition which in turn dett-rmines how
the scales vary with x. In general the constraint conditions cannot be met.
Examples of flows satisfying similarity include the two-dimensional (plane)
shear layer, the two-dimensional and axisymmetric jet with no coflow and
the axisymmetric jet in a coflowing stream where u0 = Ui(x - x0)a and a is
a constant. The two-dimensional wake does not satisfy similarity except in
the limit uo/U 1 IP 1.

Townsend also considers the case of passive scalar mixing in free
shear flows.

'4

go = o2 e(-) (2)
10

eO V U~g69(- ) , etc.

In Eq. 2 the scale for scalar fluctuations has been set equal to e0 as
required for similarity, which means that at large x/D, e9e/0 approaches a

constant on the centerline or plane of symmetry of the flow. It can then be
shown that similarity requires for the scalar field that U ldTI/dx = 0 (or

V" U IdC /1xe) and, for u0 /U1 constant or u0/UIl<<, E) u0 " For example, the
plane jet data of Browne et al. (1984) show (Uu) 0.143(x/D + 5) and
e /60)2 0.18(x/D + 8) in good agreement with the foregoing. (NB. In

earlier reports of this research a different variation of centerline mean

temperature is reported with an unlikely virtual origin of 110.)
For variable density flows a similarity analysis might also be carried

out. The Favre-averaged equations, which have the same general form as the
Reynolds-averaged equations in constant density flows, could be considered.
Then let

P1 + (3) 4
p, + pok(1

'" 14



and two new scales enter the problem, P and p of as well as the function k.

The axial variations of these scales for similarity are related to the

variation of the other scales entering the problem, thus greatly restricting

the variable density flows which satisfy similarity. For example if one

considers a plane jet flow into still air he finds that similarity cannot be

achieved. In early work both Keagy and Weller (1950) and Corrsin and Uberoi

(1950), for variable density flow, perform similarity analyses. Both analyses

are based on unjustified assumptions regarding either axial variations of the

important scales in the problem or the functional forms describing radial

variations of the jet properties.

In summary, similarity is found to hold for a limited class of constant
density free shear flows. For this class of flows it is an extremely useful

concept and should be used to check the quality of experimental data and to

help report data in a compact form. Unfortunately similarity is not expected

for variable density flows.

In the literature there are many reports of data where velocity and

scalar quantities were not measured simultaneously. While these

measurements are not reviewed in any detail here for reasons stated above,

the data are useful for model validation, since they can be used to find the

parameters and functions appearing in the similarity expressions. Here we

summarize some of these data by presenting in similarity form data for

mean and variance. These data are presented in Table I.

For comparison the data are fit to similarity forms as noted below

(see Townsend 1976).

Mixing layer:

Uo= U = 80 = constant

0 -" L U(Z - X ) (4) .
to = - 0) a

19= tz -

15e
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Free plane jet

U,=

- 2

ISO hh

AI - constant

Yu(5)

e2
go h h
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(" _u = constant

h h h-

' Free round jet:

•(U2

- constant

= .( O)

,-(_zOc - (8)
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'

Here E refers to any scalar quantity. ru and r, are measures of the round j
jet diameter defined as the radial point where U/u0 and e/e 0 are 0.5. yu

and y9 are corresponding values fur the plane jet.

From a review of the literature values for the parameters in Eqs. 5

and 6 were estimated and the results are presented in Table I for plane and

round jets. Time limitations precluded a similar review for mixing layers.

With regard to Table I several comments can be made. Considerable

data are available describing the axial and lateral variations in meat,

quantities. But there is relatively little data on turbulence quantities in part

because of the difficulty of obtaining such data. The power law dependency

on x predicted from similarity is observed to good accuracy for both

spreading rate and velocity and scalar quantities. There is however some

scatter in the measured constants of proportionality. While the scatter is not

so large as to peclude the use of the data for model development and

validation, it is certainly a source of concern. Some of the scatter is most

likely the result of experimental problems. For example Wilson and

Danckwerts (1964) cite specific experimental problems in Corrsin and Uberoi 5
(1950) (problems relating to the sensor performance). The Keagy and Weller

(19-52) concentration data also appear questionable perhaps due to bias in
sampling from variable density flows. Also some departure from similarity in

the Keagy and Weller data is expected since measurements were made only

to 24 x/d. The scalar data of Jenkins and Goldschmidt (1973) are suspect -.

since they are reported in an inappropriate similarity form

i X -=o

Random error may also be a contributory factor to the scatter in the

parameters presented in Table 1. However, axial and lateral profile data do
not exhibit sufficient scatter to support this possibility.

Another likely source of problem is that in the regions of most

measurements the flow is not fully developed in that the turbulence
properties are not fully developed. As noted Wygnanski and Fielder (1969)

found that the second moments and correlations do not obtain similarity

19.
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until x/D > 60 and that Cu varied irorn .179 to .203 when far downstream

data are cc ,sidered .n finding its valoe. Given such a large change in C this

explanation for scatter in the data seems quite reasonable.

Some of the scatter in the C data is attributable to variations from

* one flow apparatus to another in the initial, mean, axial velocity profile. By

definition U. is a momentum flux weighted velocity; P .Uj 2 TD2/4-

2 'fojU2rdr. However jet velocities are frequently obtained from volume

flow rate measurements, and in such cases the ratio between U and the

measured, volume flow rate based U depends on the initial velocity profile.

Thus when a volume flow rate weighted velocity is used for Uj, the resulting

value for C will depend on the initial velocity profile thereby introducing

apparent scatter into data for C obtained from different experimental

app For plane jets the question of attainment of similarity is confused by

the ultimate transition of the flow from two dimensional to axisymmetric

far downstream of the jet nozzle. The region of this transition depends on

the aspect ratio uf the jet nozzle. The greater the aspect ratio the further

downstream the transition occurs, and therefore the greater is the region in

* ~ which the plane jet can become fully developed. If the jet nozzle aspect

ratio is too small, the plane jet will never attain similarity. For higher

aspect ratio jets care must be taken to distinguish the plane jet region with

similarity from the transition region further downstream. The problems of

attaining similarity and differentiating the similar region from the transition

region may be the explanation of some of the observed scatter in Table lb

(eg. the data of Heskestad is obtained quite far downstream) and of the

variations in C and L with AR. Other explanations such as dependency on

initial conditions and on conditions in the surrounding fluid have been

offered as noted above. Such sensitivity may imply that the flow is not fully -

developed. q
Further jet experiments at large x/D are recommended to help

determine the cause of the observed variations and to obtain good values for

the constants appearing in the similarity relations. These measurements will

be quite difficult since the quantities to be measured will be far below their

'1-" 20
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initial values, and there may be subtle room interference effects which will m
be difficult to detect. Similarity is an important and useful concept, and

additional research to answer these questions is fully Justified. In tole present e

context for constant density mixing flows, similarity allows data only for

velocity and data only for scalar quantities obtained in different

experiments or at different times in the same apparatus to be used together

for model evaluation purposes.

There is considerable scatter in the data for xO.Since x0 depends on
the initial conaitions and on the development of the initial mixing layers in
the potential core region of the jet, this scatter should not be surprising. As
most turbulence models are not intended to model both the initial region of 1

mixing and the downstream region, comparison of x from model with
experimental data does not seem worthwhile. On the other hand, it should be
noted that strict similarity requires that x0 for velocity and scalar fields be
the same, and variations in x0 between velocity and scalar may be an

indication of both lack of similarity and of experimental problems.

With assumptions, the most significant being the introducti-n of a
constant eddy viscosity, expressions for the lateral variation of U/u 0 can be

obtained (see Eq. 1). For free jets these expressions are (Townsend, 1976): '"

Plane jet:

f( ) =ech(0.88 ) (7)

Round jet:

= (1 + C.414C) -

(8)

where C equals Y/Yu or r/ru as appropriate. F:
Experience has shown that for free jets initial density differences

between the jet fluid and surrounding fluid are quickly reduced to relatively

low levels. Therefore in regions where the flow has become similar, in many

cases it may also be considered to be a constant density flow even when
there is an initial density difference. For these flow cases, Thring and

Newby (1952) using momentum conservation have shown that the influence
of the initial density difference on the flow in the similar region may be
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accounted for replacing N~or r) by

D_ _ (j'f (9)

in the constant density scaling express3ionll given above. To show this result

consider a free round jet. After neglecting contributions to the total
momentum flux from normal turbulent stresses and assuming a uniform
pressure, one can show for the total momrentumn flux that

21rf rdrp. U2=I7l )2 = 7rDe 2p U,23 (10)
fo

It is assumed that :,~ at the point of interest. Clearly for this to
btrue D must be defined as above and thence U will scale as in the

e
corictant density case. Several investigators (eg. Wilson an~d Danckwerts,

1964) have tested this scaling and found it to be satisfactory. However tile

alternate length scale, d el is used only in the expression for Uti/uO rdnti
tile other expression3 in Eq. 6 which is not logicai. Instead it woolf be more

ogclto introduce an alternate velocity scale, U to reflect varia&tions In
momentumn flux with variations in P.

tie U,(P2) 1  (94;

and thus P t

HeeC i h ~ sn .a h eoiysae hl uuconstant (independent of p 1/pj~) velocity scale pai arnieter which onec would
obtain using U~ as the scale. Similar reasoning for scalar qitarititles leads to

p... '4

22



w.

In the above the scalar could be either temperature or species mass

fraction. No correction to ( is needed when mole fraction units are used

for species mixing in a constant temperature, constant pressure jet since in

that case p does not appear in the species conservation expression. Finally

it is noted that for a free plane Jet the same correction factors apply.

The data in Tables la and lb are analyzed according to the correction

given in Eqs. 9a and 11 with the results presented in Table 2. It is seen that

in general the correction gives the right trend, but the quantitative results

are not as good as those reported by Wilson and Danckwerts (1964), Table Ia.

By substitution of the similarity relations into the momentum-flux

relationship, Eq. 10, an expression relating the constants in the centerline

velocity scaling and the scaling for 10 (yu or ru ) is obtained in terms of f. For j,
a free round jet one obtains

CU - (2 f 2 CdC) = 0.897 (12)

where f is given above. For free plane jet

co- ( 2d = 1.515 (13)

Comparison with experimental results, Table 1, shows satisfactory

agreement. But the agreement is not good enough to use either Eq. 12 or

Eq. 13 to find one constant from the other. The observed differences may be

attributed to at least two causes, other than experimental error: a) the

neglect of normal stresses in Eq. 10 and b) an unstaisfactory expression for

f. If the f are wrong, and it is likely that they are not absolutely correct,

doubt is easily cast on the assumption of constant eddy viscosity.

The data presented in Table I are useful in the evaluation of

turbulence models, but the results of comparison should be interpreted with

discretion. There are enough outstanding questions regarding these data as

noted above to make it inappropriate to recommend at this time a particular

set of values. This task is for the time being left to the modeler.

Data for free shear flows obtained from experiments where both

velocity and scalar were measured are summarized in Table 3. A review of

23



Table 2.

e eReference R Cu Cu C Ce

Plane jets:

Antonia and coworkers 1.087 0.143 0.137 0.18 0.173
(1983-84)

Davies, et al. (1974) 1.049 0.146 0.142 0.252 0.246

Jenkins and 1.037 0.160 0.157
Goldschmidt (1973) 1.07 0.160 0.155

1.117 0.160 0.151

Bashir and Uberoi 1.2 0.22 0.201 0.29 0.265
(1975) 1.2 0.206 0.188 0.276 0.252

1.2 0.24 0.219 0.258 0.235

Round jets:

Corrsin and Uberoi 1.05 0.193 0.188 0.28 0.273
(1950) 2.00 0.225 0.159 0.32 0.226

1.57 0.175 0.140 0.238 0.190

Keagy and Weller 0.63 0.096 0.121 0.173
(1950) 1.04 0.120 0.118 0.108

7.25 0.281 0.1044 0.050

Lockwood and Moneib 1.86 0.278 0.278 0.204
(1980)

Wilson and range 0.155 0.175
Danckwerts (1964)
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this table shows that there are several problems in using the data for model

evaluation. In some cases data were obtained at only one or a few axial

stations usually at small x/D - eg., Keagy and Weiler (1950), Chevray and

Tutu (1978), Catalano et al. (1976), Venkatanamie (1975). Also there are

cases where only a few or no turbulence properties were measured - eg.,

Fielder (1974) does not measure u-eor uv, theonly turbulence property

measured by Wilson and Danckwerts (1964) is e2, and Sreenivasan et al.

Y, (1977) do not give data for uv.

With regard to the plane jet data it is noted that Bashir and Uberoi
J444 (1975) report data on yu and Uj/u 0 for three different aspect ratio jets (20, .

40 and 144). They find different centerline variations in all three cases. This

may be the result of three dimensional effects arising in the downstream

portion of the jet. Krothapalli et al. (1981) have studied the effect of nozzle

aspect ratio on the development of plane jets. The plane jet is divided into
three regions - an initial mixing region, a two-dimensional region, and 46

finally, far downstream, a three-dimensional region in which the plane jet

evolves into an axisymmetric jet. As noted above if the nozzle aspect ratio

is too small, the two-dimensional region may not be large enough for a

similar flow to develop in that region. Even if a similar, two-dimensional

flow obtains, care must be taken to distinguish the similar region from

ajoining regions both upstream and downstream. The exact cause of the

variations observed by Bashir and Uberoi is not clear. Unfortunately data for

the 20 and 144 aspect ratio cases are too sparse to detect different regions
r

of jet growth by changes in the centerline variations of u0 and E 0" Everitt .

and Robbins (1978) also report aspect ratio effects in data for the spread of

plane jets (see Table la).

Of the data in Table 3 those of Batt (1977) and Antonia and Bilger

(1976) seem the most useful. However Batt's optical probe is quite large
raising concern about spatial resolution and possible flow distortion. In

addition the boundary conditions in the experiment are not well defined.

The shear flow is obtained by essentially removing one wall of a wind tunnel

and entralning ambient air. This type of flow is not as cleanly defined as is a

Stwo-dimensional shear flow generated by a splitter plate. Antonia and Bilger
(976) present data obtained in coflowing streams with varying U /U1 over a

28
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good range of x/D. As the data verify, these flows do not achieve similarity,

and thus they cannot be checked against the data in Table 1. On the other

hand in coflowing streams, accurate velocity measurements can be made to

large x/D and r/D without encountering error associated with low mean

velocities and high turbulent intensity, eg. instantaneous flow reversal, an

advantage for measurements in coflowing streams. Antonia and Bilger (1976)
2present a somewhat limited set of turbulence data, u , u E and C. while uv

is inferred from the mean flow data. It should be noted that there are other

coflowing stream data from Antonia, Bilger, and coworkers (Antonia and

Bilger, 1973, and Antonia et al, 1975) obtained in the same wind tunnel

facility. However the data are for different initial jet diameters (D) and

therefore while they complement the data of Antonia and Bilger (1976), they

do not supplement it.

Recently, Antonia and co-workers have presented a series of papers

containing extensive data for a free, plane jet which because of their

breadth and depth appear to be well suited for model development and

evaluation (Browne et al. 1984, Browne and Antonia, 1983, Antonla and 5
Browne, 1983, Antonia et al., 1983a, Antonia et al., 1983b, Browne et aJ.

1983, Antonia et al., 1984). The extent of these data is summarized later
in Table 6.

Inlet and boundary conditions are well characterized, and a broad

range of turbulence data are available as well as profiles of mean velocity

and temperature. The initial flo!Ljaminar wtt /,kminar boundary layers

(0.23 mm momentum thickness). u2  IU and E /i values measured at

x/h = 0 vary slightly from paper to paper but are less than 0.002 in all cases.

Turbulence data pre~.ented In the various papers Include lateral profiles of
-T-7- -
q p E uv, uE at as many as 8 axlal locations to x/h 4 40. Similarity is

found to obtain for x/h > 20. The lateral profiles are carried to Y/Yu = 1.4; 4

beyond this point high turbulence intensity precludes accurate

measurements. P( b), SG , KP , and correlation data are also presented

for many locations In the flow. Antonia and Browne (1983) present data on

the dissipation of 1/202 which Include terms such as vez2. Data for

centerline properties are presented to x/h = 40, while several lateral profiles

are reported up to x/h = 40. Additional lateral profiles at larger x/h would be
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desirable especially to see if the evolution of the turbulence properties to

similarity is complete.

With a laminar initial flow, transition to turbulence occurs in the

calculation domain. For models which do not calculate transition, as is

generally the case, some manipulation of the initial conditions is required

but certainly 4s not desirable. Another problem with these data in regards to

model validation and evaluation, Is the presence of large scale fluctuations

at the end of the potential core region and beyond. Several investigators

have reported such fluctuations in free plane jets, and Antonia et al. (1983a)

present considerable information on the nature of the fluctuations in their

jet. (NB: Fluctuations have also now been observed in two-dimensional wake

flows up to very high Reynolds number (Tritton, 1977) where previously they

were thought not to exist. One wonders how long it will be before they are

found regularly in round free jets.) Relative to other plane jet experiments,

the aspect ratio of the Antonia and coworker's jet (19.7) is rather small (see

Table la) as is the initial Reynolds number (7620) based on h. Also the flow

Leur-stantLs C u and C 0 , are low relative to other results. At this point one
cannot say for sure that the data of Antonia and coworkers are free of
three-dimensional effects stemming fro'r a low aspect ratio. In spite of

these drawbacks these data appear, because of their breadth, to be the most

useful data for model development and evaluation available at the present

time.

Although perhaps unnecessary, it should be noted that the comments
made In this review do not constitute a general evaluation of the quality and

value of the experimental data reviewed. Model evaluation is only one of

many applications for experimental data and a rather new application. In
most of the reviewed research model evaluation was not a consideration or

was only one of several considerations in the design and the conduct of the
dexperiment.

Variable density mixing flows

An extensive body of literature exists on turbulent variable density

flows. Experimental measurements have been made using numerous

experimental techniques under widely varying flow conditions and

30



geometries. A summary of those studies most relevant to the present report

is presented in Tables 4 and 5. The two major categories of variable density

nonpremixed flows to be considered in the following discussion are
axisymmetric and planar jets (Table 4) and two-dimensional shear layers

(Table 3). Turbulent Jets are a classic turbulent mixing problem that have

been studied extensivel) in the literature. They provide a simplified flow

geometry that is well suited to modeling calculations. Unfortunately, large

density variations are limited to regions several diameters downstream of

the jet exit and rapidly decrease with increasing axial distance. Two-

dimensional shear layers have recently received greater attention and

provide a mixing region in which density differences can be maintained

farther downstream than with jet flows. Recent measurements have

identified the possible role of large-scale structures in the mixing process.

These structures may cause difficulties in the application of current

modeling calculations to fiows of this type where large-scale structures play

an important role in the mixing process. At the beginning of each table the

corresponding geometric configuration is shown. Individual studies are listed

in the tables, together with relevant dimensions and flow conditions of the

experiment, the diagnostics applied, and the experimental quantities
measured.

The experiments presented in Table 4 corresoond to jets of one

density flowing into either a quiescent or a coflowing gas of different

density. This class of flows is further subdivided on the basis of geometry

into axisymmetric round jets (Table 4a) and two-dimensional planar jets
(Table 4b). It should be noted that the term "two-dimensional" strictly

applies to the test section georetry since the three dimensionality of

turbulent flowfields is well known. The range of density ratios studied varies

from the helium jets of Keagy and Weller (1949) and Aihara et al. (1975)

flowing into air (with a density ratio Pi/f a of 0.14) to the studies of Dyer

(1979) and Scheter et al. (1985a) in which a propane jet into coflowing airwas used ( 0/ Pa = 1.6). All flows considered in Table 4 are parabolic except

for perhaps in the region immediately downstream of the jet exit rim where,

depending on the rim thickness, parabolic flow assumptions may be invalid

due to flow disturbances and small recirculation zones caused by the jet rim.
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It is likely that these disturbances rapidly disappear downstream where the

majority of mixing occurs. In either case modeling assumptions can be made

for this region and its influence on downstream mixing can be qualified. Only

four of the experiments in Table 4a for axisymmetric jets report

measurements of both a scalar and velocity, while both experiments in a

planar jet (Table 4b) report scalar and velocity data.

Keagy and Weller (1949) report measurements in 3.25 mm diameter

helium and CO2 jets into still air with a jet velocity of 122 m/s.

Concentration and velocity profiles were taken along the centerline, and

radial profiles were obtained at three axial locations. The measurements

were obtained with a pitot tube for velocity and a sampling probe for

concentration and are therefore limited to mean values.

Aihara et al. (1975) studied the effects of coflowing air on the

spreading rate and turbulent transport rates in a 1-mm diameter helium jet.

A hot wire probe was used to measure velocity and concentration and the

latter measurements were compared with sampling probe measurements to

verify the hot wire results. Detailed radial profiles of concentration and

velocity and correlations between the velocity and concentration

fluctuations are presented at several downstream locations. The results are

limited to low Reynolds number conditions (Re = 2950) where the flow may

not be fully turbulent.

Extensive scalar measurements have been made in methane jets but

velocity data are somewhat limited. Chigier and Strokin (1974) used a gas

sampling probe to obtain concentration measurements in a methane jet with

low velocity coflowing air. Mean velocity was determined from the

measured density and concentration and the dynamic pressure. A gas tracer

method was used to calculate the turbulence intensity. The effects of

combustion on turbulent diffusion were studied by comparing results in a

reacting jet with those in a cold flow case. Mean concentration and velocity

measurements are limited to centerline profiles for the cold flow case.

More recent studies of methane jets have been made using

nonintrusive optical diagnostic techniques. Pitts and Kashiwagi (1984)

demonstrated the usefulness of Rayleigh scattering for concentration
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measurements (methane on a mass and mole fraction basis) in turbulent

flows and prescnted comparisons with constant and variable density jets.

One radial profile and an axial profile along the centerline were obtained but

no velocity data were presented and the jet exit Reynolds number was

somewhat low (Re a 4130) for fully turbulent flow. Birch et al. (1978)

obtained detailed radial profiles and an axial profile of the mean methane

concentration and higher moments (up to the fourth moment). Velocity

measorement3 were limited to axial velocity fluctuations along the

centerline and comparisons were made with the centerline concentration

fluctuations. This data could provide a suitable data set for modeling

calcuations in r.ethane jets.

The temperature distribution throughout the flowfield of a heated air
jet (T. a 225 C) was measured by Lockwood and Moneib (1980) using a 12.7-

.rn thermocouple but ro velocity measurements were made. Extensive data

were obtained on the means and higher moments, pdf's and spectral density
distributions, and comparlsons were made with results In the literature,

Recent data has been obtained by Schefer and co-workers in an

axlsymmetric propane jet with coflowing air (Schefer et al. 1985a and 1985b,

Dibble et al. 1985). The data are extensive and are well suited for model

evaluation. Axial and radial velocities were measured using two-color laser

velocirnetry (LV). Velocity statistics canditioned on fluid originating from

the Jet and air streams were obtained by alternately seeding only the jet

originating from the jet and air streams were obtained by alternately
'C' sednig only the jet and the cotlowing air with LV seed particles. The results

thus represent the extremes of biasing errors commonly encountered due to

unequal seedi ig of the jet and air streams flows. Unconditional velocity
statisticv can be caJculated frum !he intermittency profiles measured using

p.. Rayleigh scattering (density and propane mixture fraction) and laser Raman

scattering (density, mixture fraction, and concentrations of 02 and N2).

Time histories, power spectri, and mixing length information were obtained

,V. from the Rayleigh scattering measurements, and joint pdf's of individual
species concentration,. were obtained from the Raman scattering
measurements. In addition, the Raman and LV systems were ccmbined to

ireasure simultaneously two velocity components and the scalars.
.€

3e

I



U

J - -

The flows listed in Table 4b consist of planar two-dimensional jets

issuing into coflowing air. They are simiiar to the studies shown in the

previous table in that two initially separated streams of different densities

and velocities form a mixing layer downstream of the inlet section. Most

apparent is the limited data that is available on plane mixing layers. Only

two studies were found with sufficient data to make comparisons with

modeling calculations. Anderson et al. (1979) used a three sensor hot wire

probe to measure mean and fluctuating velocity and concentration in a

helium jet discharging into a coflowing air stream. Spatial resolution of the

probe was on the order of three times the estimated Kolmogoroff length

scale (approximately 0.5 mm). Mean and fluctuating streamwise velocities

and the mean and fluctuating concentration were presented at several

streanwise locations. Range-conditioned point statistics were determined to

provide the distribution of velocity and concentration statistics in the

turbulent fluid elements at several locations.

LaRue and Libby (1977) used a similar hot wire probe to obtain

velocity and concentration measurements in a turbulent wall boundary layer

of air with helium injection through a slot adjacent to the outer wall.

Measurements were reported of the streamwise and transverse velocity

components, helium concentration, and density and their higher order

correlations. Comparisons were also made between conventionally averaged

and Favre averaged statistics. The boundary conditions are more complex

than those for conventional axisymmetric and planar jets but the extensive N

data available make this a suitable case for the evaluation of computational

models.

The flows of Table 5 correspond to two-dimensional shear layers in 1-

which two initially separated streams of different density and velocity form

a mixing region downstream of a splitter plate. As mentioned previously, a

major advantage of this flow configuration is that density differences are

rmaintained farther downstream from the inlet than with axisymmetric or V

planar jets. These flows may, however, be subject to organized large-scale

structures which may complicate comparisons with current modeling

approaches. They would provide excellent test cases for emerging modeling
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approaches (e.g., vortex dynamics or hybrid schemes involving both vortex

dynamics and large-eddy simulation) w.hich attempt to calcdate such large-

scale structures.

Rebollo (1973) obtined measurements in a plane mixing layer of

nitrogen and helium at a pressure of 4 atm. A pitot probe and a fast-

response density probe were used to measure mean streamwise velocity and

mean and fluctuating density, respectively. Transverse profiles at several

streamnwise locations were measured. Similar measurements were made by

Brown and Roshko (1974) in a nitrogen and helium mixing layer at a pressure

of 7 atmospheres, although only mean transverse velocity and concentration

measurements are presented. Flow visualization studies were made showing
the existence of large coherent structures which control the mixing layer

development in this type of flow. These measurements were extended by

Konrad (1976) who mixed argon with the helium flow to study the effects of

density ratio.

The velocity measurements of Keller and Daily (1983) were obtained

* in a mixing layer of high-temperature combustion products and air (T2/T1 =

6). A two-color LV system was used to obtain pdf's of the streamwise and

transverse components of velocity. From these pdf's transverse profiles of
the means and higher moments (up to the fourth moment) and the Reynolds

shear stress were determined at several streamwise locations. No scalar
measurements are reported and it is not certain that the flow is truly

parabolic.

?.
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RECOMMENDED CASES

Constant density flow 1'

For reasons given in the LITERATURE SEARCH the recommended

case for constant density flows is the plane jet case of Antonia and

coworkers (1983-1984). This is done with some reservations concerning the

transition to turbulence, large structure and three-dimensional effects

mentioned above. Table 6 gives a summary of the flow, and data for V
V:.

comparison with model predictions should be taken from the literature.

Constant temperature hot-wires were used by Antonia and coworkers

to obtain velocity data. Three different configurations were used: single

wire, X-wires, and two parallel wires for gradient measurements. A constant

current, cold-wire was used for temperature measurements. The spatial

resolution of these measurements appears to be less than I mm. Browne et

al. (1984) present accuracy estimates for their measurements; these are

reproduced here:

e= 3.
\' -- 3 ,t \,u'  - ±_4¢- \y'U = -4%,. m

it-t = -7C. t,0 =- 17.-:."

Pr, 14(7.

Variable density flow

The recommended case for variable density flows is the coflowing

round jet with a nonreacting propane jet into coflowing air (Schefer et al.

1985a and 1985b; Dibble et al. 1984; Dibble et al. 1985a and 1985b). The

description of the experimental facility and diagnostics will be limited since

detailed descriptions are available elsewhere. Typical experimental data will

be presented and compared with data for constant density and variable

density jets found in the literature. Selected data from the present study are

tabulated in the Appendix A to facilitate possible future comparisons with ?,

modeling calculations. The tabulated result.i include measurements of mean .

and fluctuating quantities, higher moments, and probability density

distributions at selected locations in the flowfield (see Table 7). A more

complete listing can be found in Schefer et al. (1985c) and tabulated data
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Table 6

DATA SUMMARY

Flow Free Plane Jet

Data Evaluators Gouldin and Johnston

Case Antonia and Coworkers

Geometry

Re: 7,620
Aspect ratio 19.7
h =12.7rnmm-:
Mean dp/dx practically zero

Mean quantities measured

0 arid on centerline up to x/h 40. Lateral profiles at x/h = 5, 7, 8, 9, 15, 20

and 40.

Turbulence quantities measured

up v' V-w'W, , e 0 e' on centerline up to x/h 4 40 and lateral profIles at

x/h 5, 7, 8, 9, 15, 20 and 40.

p( ) and 5 e, K@ on centerline up to x/h 20.

1 .2 6 @2 /h 2
Budget for e' and data for u' :i-and v at x/h 40

Initial conditions

Measured

Notes

I I
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Table 7

DATA SUMMARY

Flow Propane jet (round)

Data Evaluators Schefer and Johnston

C Schefer, Dibble and Hartmann

Geometry

Res 68,000 f
Mewanp/dx: 6 pa/m

Mean quantities measured

and 7 on centerlie up to x/D SO. Radlal profiles at x/D - 1.5, 30, 50.

Turbulence auanrities measured

II
u ,v , uv, f , f, , p(u,v),p(t)on

centerline up to x/D = 80.

Radial profiles at x/D = 15, 30, 50. ALso p (u, v, f) at x/D .30, 50 on r/D = 0. 2.

Initial conditions

air-a9.2 m/s, U /u-0.02,ujet=53rn/s andu,u,7,f atx/D 4.

Notes

No flow visualization

Vertical tunnel

Density obtainable from mixture fraction
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are currently available on magnetic tape through Sandia National

Laboratories Livermore.

Experiment

All measurements were performed in the Sandia Turbulent Diffusion

Flame Facility. A complete description of the facility is given in Dibble et

al. (1984). The experimental diagnostics used in the study and the

corresponding quantities measured are summarized in Table 8. The

experimental methodology followed in the investigation is illustrated by the

order in which the diagnostic techniques and measurements are listed in the

table. Test section dimensions and the inlet conditions are summarized in

Table 9. Measurements at the test section inlet using hot-wire anemometry
and laser velocimetry showed the velocity profile at the jet exit to be fully-

developed turbulent pipe flow. A thin boundary layer was also measured

along the outer edge of the jet pipe with a thickness of approximately 0.3 jet

diameters at the exit p!ane of the jet. This facility Is similar to that used in

f- previous studies with the exception that the axis of the test section has been
oriented vertically instead of horizontally to eliminate flame asymmetry

(for combustion measurements) due to buoyancy effects.
Rayleigh scattering wa3 used for single-point density and propane

mixture fraction measurements. A complete description of the Rayleigh

scattering system is given in Schefer et al. (1985d). Since in the

measurements a cw argon ion laser was used, data rates of 16 kHz were

possible and spectral information on the time histories of the flow properties
at a point could be obtained. The laser beam was focussed with a 35 cm

focal length lens to a 200-11 m waist diameter. The measurement volume
defined by the entrance slit to the photomvltiplier tube (3 mim wide, 2 mm

-> high) and the laser beam diameter was I mm in length by 0.2 mm in

diameter. At each spatial location 64000 measurements were taken at a

sample rate of 16000 samples per second. This sample rate resudted in

frequency components up to 8 kHz contributing to the mean and fluctuating

Rayleigh signal.

i
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TABLE 8. EXPERIMENTAL DIAGNOSTICS

Diagnostic Quantity Measured

CW Rayleigh Scattering Single-point density and mixture fraction

Laser Doppler Velocimetry Simultaneous single-point axial and
radial velocities

, '. b

Raman Scattering Simultaneous single-point species
concentrations (C3H8, 02, N2) I

Combined LDV-Raman Simultaneous single-point specieL
Scattering concentrations and two-velocity components

One-dimensional Rayleigh Instantaneous radial profiles of density
Imaging and mixture fraction

.
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TABLE 9. TEST SECTON DIKENSIONS AND INLET CONDITIONS

Test Section 30 cA x 30 .A

Jet Tube Exit 0.52 ca (I.D.)

0.90 ca (O.D.)

Length of Jet 2 a
Straight section
prior to exit

Jet Velocity (Bulk) .53 a/s

' Coflov Air Velocity 9.2 m/.

Reynolds Number
.,(based on jet exit dia.) 68000

Coflov Air Turb,,lence 0.47.

Axi al Pressure Gradient 6 Pa/m

%

.IV
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In addition, the single-point Rayleigh scattering measurements were

extended to one-dimensional using an optical multichannel analyzer (OMA)

to obtain information on instantaneous gradients in the flowfield. This data

has been published elsewhere (Dibble et al 1985a) and will not be discussed

further.

Velocity measurements were made using a two-color laser

velocimeter. The LV system (see Schefer et al. 1985b) includes a two-color,

dual-beam, real-fringe system which had a measurement volume, as defined

by the image of the pinhole on the beam crossing, 0.3 long by 0.20 mm in

diameter. Coincidence of the radial and axial velocity measurements was

verified with a multichannel interface with a variable time window set at v
10 ,s to assure that the velocity measurement in each direction was from

the same seed particle.

In the analysis of the velocity data, it is assumed that the seed

particles follow the motion of the fluid and that the difference between the

diffusivity of the particle and the fluid is negligible. These assumptions are

asymptotically valid in the limit of large Reynolds number. With these

assumptions, the motion of a seed particle is identical to the motion of a

fluid element and fluid originating from the jet can be distinguished from

fluid originating from the coflowing air. Thus by alternately seeding only

the jet and the coflowing air streams, velocity statistics conditional on the

jet fluid and on the coflowing air fluid can be obtained.

The data are presented as mean and fluctuating velocity componencs

(axial and radial velocities) conditional on fluid originating from the jet and

air streams, and simultaneous measurements of both velocity components.

Raman measurements of gas species concentrations were made using

a high-power pulsed dye laser (Q 3/pulse, 2- 4s pulsewidth, . = 514.5 nm,

Ak = 0.4 nm). Further details of the Raman scattering system can be found

in Dibble et al. 1984. The beam was focussed to a 300- 4m waist diameter

which was aligned to overlap the LV measurement volume. The width of the

spectrometer entrance slit determined the length of the Raman probe

volume (1 mm), while the height of the probe volume was determined by the
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laser beam diameter. The vibrational Raman scattered light from C3H8 was

separated from the colected light with a 3/4 m grating spectrometer and

measured on a photomultiplier tube at the exit plane of the spectrometer.

At each spatial location a minimum of 2500 simultaneous pairs of axial and

radial velocity and mixture fraction were measured.

The data were extended to include simultaneous measurements of two

velocity components and species concentrations by combining the Raman
scattering system with the two-color LV system (Dibble et al. (1985b).

Information on the important turbulent transport terms used in modeling

equations was obtained from this data.

1-

Error anaiysis

Rayleigh scattering has been used to measure concentration,
temperature, and density (Johnston et al. (1985)). In addition, recent studies

have demonstrated its applicability to both nonreacting and reacting

turbulent flows (Pitts and Kashiwagi (1984), Schefer and Dibble (1985d)). In a

two-component, isothermal flow such as the nonreacting propane jet
reviewed here, the Rayleigh signal intensity is directly related to the

propane mole fraction. The primary sources of error in the Rayleigh

scattering measurements are background scattering and shot noise. The
major source of background scattering was laser light scattered from the

test section windows. Background scattered lighc was measured by moving

the collection optics off the laser beam (thus eliminating the Rayleigh
ncattered light contribution to the total signal). Using this technique the

background signal was found to be approximately 4 percent of the Rayleigh

signal measured from pure air. At each measurement location the

contribution of background scattering was eliminated by subtracting its

value from the measured signal. Particle Mie scattering was effectively

eliminated as a source of background scattered light by filtering particles
from the coflow air upstream of the test section inlet. Detailed discussions

of shot noise and its affect on the measurement of turbulent quantities can

be found elsewhere (Pitts and Kashiwagi (1984)). An estimate of the shot

noise contribution was made for the present experimental configuration
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from Rayleigh scattering measurements in air and found to be 3 percent. u,

Conditional statistics were obtained for the mean and fluctuating

velocities and the cnrrelation between the axial and radial velocity u'v'.

At each measurement location approximately 3,000 velocity measurements
were obtained. This was estimated to be sufficient for the first two

moments of the velocity. The correlation u'v' calculated from 3,000
rnea.urements was found to agree within 2 percent of the value calculated

from up to 10,000 measurements. In the present flow the primary source of

error that must be considered is bias due to the proportionality of particle

flux throuEh the measurement volume to the instantaneous velocity. This

may give rise to a statistical bias toward higher velocities when number-
weighted averages are used to calculate stationary statistics. Razdan (1985)

has shown in a comparable flow that for velocity fluctuations up to 10

percent the errors are negligible. As the fluctuations increase the velocity

bias toward higher velocities also increases. At the maximum fluctuation

levels measured in the present flow a maximum bias error of 3 percent

wuwd be expected.

Additional sources of error have also been estimated. The error due
to velocity-gradient broadening was estimated to be less than 0.3 percent.

Errors in time measurement with a counter processor having 0.5-ns

resolution are less than 0.2 percent at the highest burst frequencies

measured, and the eftects of variation in refractive index on moverrient of

the measurement volume are negligible.

Since the velocity of a particle is actually measured with laser
veloclmetry, particle-v elocity lag must also be considered. Using the

estimates of Durst et al. (1976), a 0.85-micron particle can follow the flow

up to a frequency of 8 kHz with a slip velocity of I percent. Based on
previous measurements In the current fiow this frequency response is

sulf Iclent.

The primary sources of error in the Raman scattering measurements
;.ce calibration of the light coliection system, shot noise, and background

flourescence (from the windows where the laser beam enters and exits the

test section). Calibration of the Raman system was done In mixtures of
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C3H. and N2 . As a measure of the overall efficiency of the collection

system 6,000 photoelectrons per Joule of laser light were collected fror N 2

in room air. The background flourescence ccntribution to the Raman sigral

w measured by scanning the spectrometer away from the Ramarn line and

dL.%; mined to be less than 0.5%.

Several checks on the .,ata ere performed to assess the accuracy of

the measurements. Conservatloo of propane (on a mass basis) w&3 verified by

integrating the velocity and the propane mass fraction measurcmerts across

the flowfield. The integrations were carried out at three axial locations (x/D

= 1. , 30 and 50) and the total propane mass flux was compared with the

calibrated value based on the mass flowmeter reading. The total propane

mass flux at the jet exit was 2.3 gm/sec and the ma3s flux calculated at

each axial location agreed with this vajue within 5 percent. In addition to
the conservation of propane, momentum must also be conserved across the
flowfield. Integration of the total momentum at the above three axial

locations was found to agree within 3 percent of the Inlet value. The long-
term repeatability of the measurenent. was -tabllhed by re-ating mo-t

uf the measurements ono, year after the Initial data set wa.z obtained. Data

reproducibility was found to be within a few percent. Finally, the data have

been compared to other published measurements wherever possible.
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DISCUSSION OF THE DATA
An axparded discuusion of selected data Is given in the following

soctors because at the time of publication of this document, many of the

data are not yet availahi,3 In the liteiature; publications fluly describing

th.sm data are In ivep4ration.

Mixture fractio,, maurment,

The c¢nterlIne variation I n the tr.ani and fluctuating component of

the mixture fraction are shown in Fig. I. Axial distance x is normalized by

J the Jet exit diameter D. The rms of the mixture fraction fluctuations Vrrnsrm$

Is norm-tilzed by the mixture fractio ,jt the cen,6erline f (X The meai.

mixtura fraction T*remains nearly consta rt over the potential core region,

which extends ,pproximately 4 jet diainetcrs downstrean of the jet exit
I'.

before d tecasing rapidly as cotlowing air is entrained by the high velocity

* ~jt and mixes with the propane. After the Initial core region, the

fluctuations continue to Increase but at a slower rate.

Centerline variations in mixture fraction for nonreacting jets can be

correlated with distance from the virtual origin x01 (Pitts and Kashiwagi

t- 1984). This correlation can be expressed as
,.

;: f C1 (I- - ZO. I)(l )

-. (14).. 7° D(pjq,'pair)'"

where T Is the value of the mixture fraction at the jet exit I 1 for pure

propane), and C l Is a constant independent of the jet density ratio as

discussed above. The centerline variation in the reciprocal mean mixture

fraction !s replottcd in Fig. 2 as a furictivi of distance from the virtual

- origin (x -x0 1) times the density ratio. The solid line is the result of a least-

I quare-fit to the data for x/D > 23. Also shown kr..r comparison are results 4.

for the CNI-alr jet of Pitts and Kashiwagi (1984) and the air-air jet of 4.

Decker et &1. (1967). 'rhe present result5 agree well with results obtained in,

the air-air jet, but fall below those obtained in the CH 4 -air je:, which has a
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significantly higher centerline decay rate.

Further comparisons of CI and x0 , are shown in Table 10. The
results of the present investigation give the location of the virtual origin at

x/D = 3.0 and a value for C I = 0.186. The values of x0 ,1 listed in the table

show considerable scatter. Such variations are not unexpected since the

location of the virtual origin is dependent on initial conditions which are
likely to vary between experiments. The present values of C1 compare well

with the earlier results of Dyer (1979) for a C3 H. jet and, as noted above,
with the results of Becker et al. (1967) for an air jet, but are up to 30

percent lower than the values obtained for CH 4 jets. Whether these
variations are due to experimental uncertainty or are real density effects
which may be unaccounted for by Eq. 14 is uncertain. However, the

'reasonable agreement between the two data sets for CH4 jets and the

consistency in the values of C1 for the higher density air and C3H8 jets

seems to support the conclusion that Eq. 14 does not adequately account for
the more rapid centerline decay rate of 7 in the lower density CH 4 jet.

A comparison of the r nixtur fraction fluctuation intensity V If
with results for the CH4-air of Pitts and Kashiwagi (1984) and the air-air jet
of Becker et al. (1967) is shown in Fig. 3. The initial increase in fluctuation

intensity is considerably more rapid for the CH 4-air and air-air jets. At
downstream locations, however, the data for the variable density jets shows

good agreement and approaches a considerably higher value than the

constant density air-air jet. The present results thus support the conclusions

r4. of Pitts and Kashiwagi (1984) and Birch et al. (1978) that centerline scalar
fluctuations are higher in variable density jets than in constant density

flows.
The jet spreading rate can be determined Zrom the rnean mixture

fraction profiles and is typically characterized by the mixture-fraction half
radius Lf, defined as the radial location at which the mixture fraction is
equaa to half its value at the centerline. The variation in Lf (normalized by

the jet exit diameter) with axial distance is shown in Fig. 4. For distances
sufficiently far downstream Lf has been shown to be proportional to the
distance from a virtual origin x0 ,3 (Pitts and Kashiwagi (1984)). This
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TABLE 10. EXP RDIENTALLY DETERMINED CONSTANTS

FOR EQNS. (14- 15)

Flow C1  x0 1 /D C2  XO,02/D Reference

C 3H -air 0.185 3.0 0.060 -1.0 Schefer et al. (1985a)

C 3H -air 0.180 0.15 - - Dyer (1979)

CH4-air 0.224 -1.0 0.104 0.0 Pitts & Kashiwagi
(1984)

CH4-air 0.250 5.8 0.097 0.0 Birch et al. (1978)

air-air 0.186 2.4 0.106 2.4 Becker et al. (1967)
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3dependence can be written as

L- C (z z0,2) (15)
D D

A fit of the present data in Fig. 4 (solid line) gives a value of X-,2/D -I and

C 2 = 0.060. The spreading rate obtained in the present study is considerably

less than that measured in a CH -air jet (dotted line) or an air-air jet
(dashed line). The discrepancy between the present results and the latter

studies could be attributed to either the effects of variable density or the

effects of coflowing air (both the CH -air and air-air jets had coflow air

velocities considerably lower than the present study). However, the good

agreement between the CH 4-air and air-air jets indicates that the spreading

rate is not affected by variable density. Thus, discrepancies between the

present propane data and those to which they are compared can be

attributed to the effects of co-flow air. Additional measurements using

methane instead of propane under identical inlet conditions were obtained to

verify this conclusion. ,These methane data are displayed on Fig. 4 (solid

points) and show good agreement with the propane results.

Values of x0 2 and C2 obtained in other jet studies are also listed in

Table 10. Although the results of Birch et al. (1978) are based on only one

axial location the values for the CH 4-air jets and the air-air jet agree to

within 7 percent while the present results are approximately 40 percent

lower.

Variations in f and fI are shown in Fig. 5 as a function of radialrms
distance normalized by Lf. it should be noted that the use of similarity

Ivariables such as L is not meant to imply that flow similarity exists in% Lf

variable density jets with high coflow air velocities, but rather to emphasize

differences with other jet flows in the literature. The results indicate that

the mean mixture fraction approaches similarity over the first 15 diameters

downstream of the jet exit (similarity is taken here to mean invariance of

the appropriately normalized radial profiles with axial distance). The solid

line in Fig. 5(a) is a Gaussian-type function of the form
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exp(-0.693(I.)2)
hi LI (16)

This equation has been shown to provide a good fit to data in C H4-air jets

(Pitts and Kashiwagi (1984)) and provides a good fit to the present data for

y/Lf < 1.25. At larger values of y/Lf the decrease in f with radial distance

is more rapid than Gaussian as was also observed by Pitts and Kashiwagi

(1984) for C H 4-air jets.

The mixture-fraction fluctuations normalized by the centerline value
f'rms,cl are shown in Fig. 5(b). The profile at x/D :15 shows consistently

higher fluctuations than at the downstream locations for all radial locations.

At x/D = 30 and 50 the profiles show good agreement for y/Lf < I but at

larger radial distances the profile at x/D = 50 falls slightly outside the

results for x/D = 30. This apparently is due to the effects of the coflowing
air stream since radial mean CH concentration profiles at x/D = 20, 30 and

40 in a CHi4-air jet with no coflowing air show good similarity with respect

to the normalized radial distance y/Lf (Birch et al. 1978).Uf
Represented as a solid line (Fig. 5(b)) are the results of Pitts and

Kashiwagi (1984) and Birch et al. (1978) for CHi4 -air jets. The maximum

fluctuations for the CH 4 -air jets are lower and occur closer to the

i centerline with respect to Lf. A comparison of the maximum fluctuations

rms max and their radial locations is shown in TLble 11. While it generallyrmssmax
has been concluded that scalar fluctuations are higher in variable density

jets (Pitts and Kashiwagi (1984)) (in agreement with the present results), any

more specific conclusions on the effect of density variations are difficult to
m. make. The lowest values of f'

- rmsmax occur for constant density air jets in

which particles are used as markers for concentration. The maximum

fluctuations increase in going from constant density jets to CH4 and C3 H.

Fluctuations are also higher in heated jets than in constant density jets.

However, it is difficult to explain the significantly highe- values of

ms. f' obtained by Lockwood and Moneib (1980) in a heated air jetrms,max

I (P jetO air 0.54) than are found in CH 4 -air jets (p jet a : 0.55) where the
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TABLE 11

MAXIMUM MIXTURE FRACTION FLUCTUATION INTENSITIES
and NORMALIZED RADIAL LOCATIONS

PR

Flow f~ax/f Ymax/Lf Reference

C3H8-a&r 1.24 0.96 Schefer, et al. (19o5a)

C3HB-air 1.29 0.8C Dye: (1979) '"

CH4 -air 1.18 0.70 Pitts & Kashlwagl (1984)

CH4-air 1.20 0.70 Birch, et al. (1978)

air-air 1.15 0.80 Becker, et al. (1976)

air-air 1.1I Shaughnessy & Morton (1977)

heated air-air 1.26 0.90 Lockwood & Moneib (1980)

Le
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ratios of jet to air density are nearly the same.

Radial variations in the intermittency -y are shown in Fig. 5(c). Here

the intermittency is defined as the fraction of time that the mixture

fraction is greater than a near-zero threshold (a value, of zero corresponding

to pure air). Typical probability density distributions in the mixing region

consist of an intermittency spike associated with unmixed air and a broader

distribution corresponding to mixed air and propane (probability density

distributions of f are presented in the following section). The finite width of

the intermittency spike often requires the somewhat arbitrary selection of a

threshold value to differentiate between unmixed and mixed fluid. Bilger et

al. (1976) have shown that the finite width of the intermittency spike can be

closely fitted by a Gaussian, and the area under the resulting curve provides

a good estimate of (1-). The threshold value of mixture fraction

determined using this method was f 0.015. Thus for values of f less than

fth the flow is considered as unmixed air and for values greater than fth the

flow is considered as mixed propane and air. Calculated values of were

found to be insensitive to small variations in the threshold level (+ 0.005).

At all axial locations, a region exists near the centerline for which

is unity, indicating that turbulent mixing is insufficient to transport unmixed ,.
air into the central region. Only in a relatively well defined mixing region

for which y is between 0 and I is the presence of any unmixed air observed.

Thus the mixing region can be characterized as consisting of mixed propane

and air, and unmixed air which is entrained by the high velocity jet. No

onmixed air exists near the centerline at the axial locations shown. These

observations are consistent with the view that the center of the jet is

relatively well mixed while at increasing radii, engulfment of coflowing air

and subsequent mixing occurs.

Radial variations ir the third and fourth moments of the mixture

fraction (skewness S and kurtosis K, respectively) are shown in Fig. 6(a) and

(b). The values of 5 and K for a Gaussian distribution are 0.0 and 3.0,

respectively. At the centerline the skewness has a slightly negative value (S

P. . .*.*.,. . - . . .
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= 0.4) and the kurtosis is 3.5. Outward from the centerline S increases at

first slowly, followed by a rapid increase at the outer edge of the mixing

layer. Ihe kurtosis initially decreases to a minimum value of 2.8 at a radial

location just inside the mixing region before rapidly increasing as the outer

iar flow is approached. The rapid increase in S and K in the intermittent

mixing region is due to the passage of unmrixed air past the measurement

volume. This results in periods of time during which the mixture fraction is

zero and a sharp cutoff in p(f) at f = 0.

Probability density distributions of the mixture fraction p(f) were

calculated from 8000 measurements at each spatial location using 50 bins

equally spaced over the 3 sigma limits of the data. Radial variations in p(t)

are shown in Fig. 7 for x/D = 30. These distributions are quantitatively

similar to conserved scalar distributions observed in nonreacting C H4 -air

jets (Birch et al. 1978) and reacting jets (Drake et al. 1981). Near the

centerline the distributions are dominated by a broad Gaussian-like

distribution corresponding to a turbulent mixture of propane and entrained

air while at outer radial locations a sharp spike corresponding to pure air at

f = 0 is observed. In the mixing region the distribution is bimodal and

consists of contributions from both the unmixed air and mixed propane and

air. At the axial locations shown no pure propane is indicated (f = 1) since

sufficient entrainment of coflowing air and mixing has occurred upstream.

The smooth tran-.ition between the air spike and the broader distribution

corresponding to mixed fluid has been attributed to the existence of a

viscous superlayer between the unmixed air and the mixed propane and air

zones and has led to a proposed composite distribution which includes

unmixed air, fully mixed propane and air, and a contribution from the

viscous superlayer (Effelsberg and Peters (1983)).

Velocity measurement

The centerline variation in mean axial velocity u and the flctlating

components of axial and radial velocity are shown in Fig. 8. The axial andI /
radial velocity fluctuations u rms and v rrn are normalized by the centerline

excess velocity U where the centerline excess velocity is defined as the
ci
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Fig. 7. Probability density distributions of mixture fraction for a turbulent nonreacting

propane jet at an axial location of xi:D-=30, Bulk jet velocity=53 rais: coflowing air veloc-

itv 9.2 rn's. (a) y /D = 2.92: (b ) y /D = 2,6 -; (c) y , D 2 35: (d ) y /D = 2.04; (e) /D 1. 5

(f) y , D 0 .0 .
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difference between the mean centerline velocity and the coflowing air

velocity. The mean axial velocity remains nearly constant over the

potential core region, which extends approximately 2 jet diameters

downstream of the jet exit, before decreasing rapidly to approach the outer

coflowing air velocity of 9.2 m/s farther downstream. The axial velocity

fluctuations increase rapidly downstream of the jet exit to a maximum value

of approximately 27 percent, and for x/D greater than 40 remain nearly

constant. This value is slightly less than the maximunt value of 28 percent

obtained in isothermal jets into still air (Wygnanski and Fielder (1969)) and

the value of 30 percent for a heated jet with coflowing air (u/u 0 = 4.5)

(Antonia et al. (1975)). At all axial locations the axial velocity fluctuations

are higher than the radial fluctuations (which approach a maximum value of

26 percent) and the initial increase is more rapid. For axial distances x/D

greater than 14 the excess centerline velocity shows a hyporbolic decay rate

in agreement with the results of Wygnanski and Fielder (1969) for a self-

preserving jet into still air,, and of Antonia and Bilger (1973) for nonreacting

isothermal jets into coflowing air over the range of axial distances shown.

Radial profiles of ', , and u'v' in the propane jet are shown inrms'

Fig. 9 for an axial location of x/D = 30. The solid line indicates data

coUected when seed particles are added to the coflowing air stream only;

the dotted line indicates data collected with only the jet seeded. The mean

excess velocity, U, defined as the difference between the local mean axial

velocity and the coflow air velocity, is shown in Fig. 9(a). There is a small

difference between the mean axial velocities conditioned or, air seed Uair

and on jet seed U jet. This difference is smallest on centerline and increases

with increasing radius. However, at all radii, Uje t is larger than Uair. Hence,
on average, fluid originating from the collow air has a smaller average axial

velocity than fluid originating from the jet.

Most apparent from Fig. 9 is the difference between the conditional

radial velocities Valr and e Fig. 9(b). In the sign convention adopted for

the radial velocity a positive radial velocity indicates flow outward from the

centerline, while a negative radial velocity corresponds to flow inward

toward the centerline. Thus both vair and jet indicate net flux of fluid away

67
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away from the centerline; however the flux of the jet fluid, on average, is

larger. While these differences are readily apparent, the absolute

differences, v -Jet r are comparable with the absolute differences

observed in the conditionally sampled axial velocities.

The axial velocity fluctuations u'rs-jet and u'rmsair Fig. 9(c), are

nearly the same at the centerline. Both u' and u' have arms-jet an rms-air
maxima in the mixing region between the fuel jet and the coflowing air

where the gradient.of the mean velocities is largest. At larger radii,

U tends toward zero more quickly than rms-jet. The larger value of

Urms-j t at large radii is explained by the fact that jet seeded fluid at these * -*

locations has, on average, emerged from the centerline region of the jet and

is, therefore, generally more turbulent. When the air is seeded, fluid at large

radii, on average, originates from the coflow air which has lower turbule.ice.
The radial velocity fluctuations v'm t and V'

rms-je rms-air' Fig. 9(d) show a trend
that is entireiy analogous to the radial profiles of urmsjet and u

rrns-air'
Both vm' jet and vrmsair are comparable at the centerline and both

decrease with increasing radii. As before vrm' jet does not decrease as

quickly with increasing radii as Vrms.air .

The correlation between the fluctuations in radial and axial

velocities, u Vt and Vair Fig. 9(e), is directly related to the turbulent
transport of momentum. Analogus to the previous results for axial and radial

velocity fluctuations the difference is only slight near the centerline and

increases at large radial distances.

All of these observations are consistent with the view that the center

of the jet is relatively well mixed while at increasing radii, the enIgulfment

of coflowing air and subsequent mixing is occurring. Thus, the associazion of

lower velocities with air and higher velocities with jet fluid is not

unreasonable.

Probability density distributions of the axial velocity conditional on
the jet fluid p(u)jet and on the air p(u)ai r are shown in Fig. 10 for x/D = 30 at

various distances from the centerline. The distributions shown were

calculated from 3000 velocity measurements at each spatial location using
30 bins equally spaced over the 3 sigma limits of the data. As in the previous B

6.
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section the solid line indicates data conditional on the air and the dotted line

indicates data conditional on the jet fluid. The axial velocity distributions

are in general characterized by a unimodal distribution which shifts to a
higher average velocity as the centerline is approached. The axial velocity

distributions conditional on the air are relatively narrow at outer radial

locations with a peak value close to that of the cof lowing air. Closer to the

centerline the distributions become skewed toward higher velocities as fluid
is accelerated by the high velocity central jet and approach a nearly

Gaussian distr zion at the centerline. The distribution conditional on the

jet fluid exhibits a peak close to that of the coflowing air at outer radial
locations but is skewed toward higher velocities. The peak in p(u)e shiftsjet
toward higher velocities and broadens nearer the centerline due to the -
higher turbulence associated with the jet fluid. At the centerline the

distributions for both cases are nearly identical since sufficient mixing has

occurred and are closely Gaussian.

The corresponding radial velocity distributions p(v)ai r and p(v)je t at

x/D = 30 are shown in Fig. 11. At the outermost radial location, y/D = 3.1,
P(V)air is considerably narrower than p(v). In both cases the maximums in

air ~~~~~~~jet*Inbtcaethmaiusn
the radial velocity distributions are centered near zero while the presence of

positive and negative radial velocities indicates expansion outward from the

centerline and entrainment of fluid originating from both the jet and from

the coflowing air. Most interesting are the positive values of p(v) due to
air

expansior of previously entrained coflowing air, and the negative values of

p(v).j t corresponding to re-entrainment of fluid originating from the jet. The .

posit! e mean values of radial velocity for both cases (see also Fig. 9(b))

indicate net fluid motion outward from the centerline due to expansion of

the high velocity jet fluid. The distribution p(V)jet is considerably more

skewed toward positive velocities since fluid originating from the central jet

is, on average, expanding more rapidly away from the centerline.

At y/D = 2.5 the small peak at negative radial velocity in p(v)ai r

corresponds tc entrainment of coflowing air inward toward the centerline.

More rapid outward eApansion of previously entrained air is also indicated by

the increased skewness toward positive velocities. The maximum in the
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p(V)i is located at positive radial velocities and indicates more rapid
outward expansion of jet fluid. At y/D = 1.9 the peak in p(v)air has decreased

considerably although entrainment of fluid originating from the airstream is
still apparent. The distributions for both cases are nearly identical for

positive radial velocities indicating nearly equal expansion of fluid
originating from the jet and air streams. At the centerline the distributions
are closely Gaussian and nearly identical since, as was seen with the axial r- I
velocity distributions, fluid originating from both streams is well mixed in

the centerline region.

T"e joint probability distributions of axial and radial velocity were

calculated from 10.000 velocity pairs at each spatial location using 20 axial

ana radial velocity bins spaced over the 3 sigma limits of the data. The
distribution shown in Fig. 12 corresponds to the mixing region (y/D = 2.5)

where the difference in conditional velocity statistics is greatest. The
distribution conditional on the air p(u,v)ai r exhibits a peak with the axial .
velocity distribution centered near the coflowing air velocity and the radial

velocity centered near zero. At higher axial velocities the radial velocity

distribution is highly skewed toward positive values due to the more rapid
expansion of high velocity fluid originating near the centerline. The broader
distribution also indicates considerably higher radial velocity fluctuations.
It is likely that this is fluid originating from the air stream which has been
previously entrained and mixed with higher velocity jet fluid prior to
expansion outwards the coflowing air stream. The primary contribution to
p(u,v) is from fluid moving in the axial direction at near the coflowing airjet
velocity. A maximum again exists in p(uv)je t at axial velocities close to the
coflowing air velocity and, at increased axial velocities, the radial

distribution becomes skewed toward negative values. However, considerably
more outward radial movement of the fluid is apparent and the fluctuations
in both axial and radial velocities are considerably higher (higher velocity

fluctuations were also seen in Fig. 9(c)).

p.
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Fig. 12. Joint probability density distributions of axial and radial velocity for a turbulent
nonreacting propane jet at an axial location x/D = 30 and a radia! location of y/D=2.6.
(a) LV seed added te the cofiowing air only; (b) LDV seed added to the jet only. Bulk jet
velocity=53 r/s; coflowing air velocity=9.2 m/s.
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Rarnan/laser velocimetry results

A scatter plot showing the correlation between mixture fraction and

axial and radial velocity in the mixing region (y/D = 2.3) at x/D = 30 is shown

in Fig. 13(a) and (b), respectively. These results were obtained for the case k!

where LV seed was added to the cof low air stream only. Biasing errors in the

scalar f due to preferential seeding of the jet and air streams are fully

discussed in Dibble et al. (1985b). It can be seen that a positive correlation

exists between the mixture fraction and the axial velocity, while f and the

radial velocity are negatively correlated. Similar measurements at the L

centerline show that f is uncorrelated with either velocity component. From

this data the following values fot the correlation coefficients are obtained:

At y/D - 0.0:

f'u'. - 0.050 f'u' m 0.044
air jet

fIV' - 0.003 f'v' 0.002
air jet

At y/D - 2.3. ;

flu' 0.077 f'u' - 0.090
air jet

f'v'. 0.065 f'vt a 0.073
air jet

U
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AVAILABLE COMPARISON WITH ANALYSIS

In this section a state-cf-the-art modeling :.pproach is used to predict

the data chosen for the recommended variable : ,sity mixing case. This

provid,4 an opportunity to assess both the model and trends in the data and

r,.prcscnts a benchmark against which other models can be compared, if

desired, Since the model used is not described completely in an/ single

reteroncc, its essential Ingredients are discussed below. .'

"The second-order closure model described in Farshchi and KoJlmann
(19894), Dibble at al. (1985), Dibble et al. (1984), and Rhodes et al. ()974) was
used to cakculi~te the isothermal round ;ct mixing )f propane witt ambient

air. The imuodel (.oilt3 of tran.ix) t equations lor mea. velocity, mean i"

mixture fraction., Reyriolds stress componenrs, varkince of inixture

fiajticr;i, s'--alr fluxes, kiriernatic and sr.alar dissipation rates. The flow is

isothermal and, using the ideal gaa law for propane and air, we obtain for the

dvri ity a- 0 loLcJ function of mixture traction f

Z)1 (17

wha. a x is tho rAtio of rmole; r masses

arid 1 Is tht density of fluid I (.c, propane). Pluctuatlons of pressure are ',-

nS1l aCLtd III thC thcrmodynmic rclatiuis. TIh. rornaliLed mass fracti n

of fluid I ;a-i b tak-jiu as nix ure fr LtIQl (tubiscript u retrs to jet pipe

exit aid bvbsr.rli)t Vu tu 8auublueu:) fur t!e plresclt (.ase of Isoth wral nixhng

of two c.umap&JDIvits. 'Thle (mil u f tic a rixtut eI fac ti,) I (f) is assumed t,) !It a
LD'e It luia.tiuol V1101i1 h01 bvel founJ tu b a good aplJIi etion ,ft

blb ICti 4 Iua i xi le 'a l u L o b (I'hudes at al. I 'Y/ i). 71C la c aj decacait I) theli
f.
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calculated by integration

(p) jdfp(f) P(f) (19)

4.,2

The Odf P() is set up using the mean f and the variance f which

determine the exponents of the beta-function uniquely (Jones 1982).

The turbulence n del includes the first order equations for mean

velocity

(p)Df -9t(P) 4) (20)

and nean mixture fraction

in exact form. Note that Favre-Statistics are applied

4 z- ,
(#) ,,-w

(P)
where appropriate and

D g at-

abbreviate3 the Stokes derivative for the mean velocity. The cJosure of the

Reynolds-stress equations includes model assumptions for turbulent flux,

V" pressure correlations and dissipation. The following equation emerges

(Dibble et al. 198,k)

0, -- d- v ) (22)

,,(p(4 , - (V")00(pi - (V )0.,P) - U d.(IP',

r

7d

i . -, 4 . A t -(-t. . 4 IL
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where the pressure correlations are modelled by (see Hanielic and Launder

(1972))

C, + 8, 22

. ... -, .... )."

-- ) S PC 2,( - 2CP (23)

Vf 8,C2 -o 2 2,o,-,
vs

30C2 - 2 (0o¢ +
-, °

and
- p = (24a)

a J 2De 0 = _, .,,,. ;, d' ,.o  1(24b)

The dissipation rate ' of kinetic energy is determined by solving the

equation

P;,b1i 0- C, ",'a , ,6

k

- C,;fp--- - C(J- -- p , (25) '
k k \P;

The statistical moments of the scalar field follow from the solutions of (18)
and the equations for the variance? , the scalar fluxes vf'and the scalar

dissipation Cf The vari equation requires only one closure assurription

for the turbulent flux of '
(,.

21p/ \u"f"ou] -2/) (26) :

7
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The scalar flux equation is given by

(P)Dvf = - (P)Vv apl- (P)vofai3

-2Cf I(p) 0"'1 - 2C1 2 (pbaO il

+ O.8(P)Vyftdaia - O.2(p vOf"l3ci3 (27)

where the anisotropy term is defined by

=-.-vv - -ag
2k 0 3

a..Finally the scalar dissipation is obtained as a solution of

(pOL'7 1 =' ai,\P Va

If Irl CP1

Iff f _.)
C- I-DiP.)~ - -D p

f F2  k

The constanu ts e summrrarized in Table I

71-e numnerical solution pru,_ediure wais a finite-ditierence method

solved as mrira.hing integration in the jet axis dit( clion. T'he number of

V.POInts iN th. crusstlow direttion was N w 60 and about two thousand :Step5

LI ~were reqrjir.-d to reich x/D =7U. Particulat caie was taken to describe the

roii -tionb 3t the jet pipe exit. Thre velodAty profile was a turbulentt pipe flow

I. p oflc In-Ide Jhe Jet pipe, a small coflow ve)hicity for the approxinnatiori of

thre funile Tiw-ein-iu~"'l the pipe, and a prufille apjlnuxim~ativ~e the outnvr

uf:Q luw , rig tress~t (Fg 14).
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TABLE 12. MODEL CONSTANTS

C5  C, C2  Cf Cf1  C(2

0.22 1.5 O.4 0.15 1.45 1.9

C cs cr1  Cf2  C5  Cp

! 0.22 4.7 -4. 0.18

CDI D2 CD3

2.0 0.9 .15
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The axi V 2 development of the mean velocity is shown in Fig. 15 as

well as (u "') /PIu in Fig. 16 and In f in Fig. 17. Agreement between

calculation and measurements is satisfactory. Representative radial profiles
and comparisons with the data at x/D =30 for the mean velocity

where ~u= lx,,) - u(()

where Au u(x,G) - ue(x), are given in Fig. 18. Noting that y is normalized

with the diameter D of the jet pipe, we observe that the calculated

spreading rate is about ten percent smaller than the experimental value. The

normal stress components (u" ) / in Fig. 19 and (v" 2)1//7 in Fig.

20 are in good agreement with the measurements considering the

uncertainties involved. The same holds for the shear stress profiles in Fig. .

21. The prediction of the scalar field in terms of mean T (Fig. 22) and the

variance f (Fig. 23) is quite close to thc measurements.
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I

ADDITIONAL DATA NEEDS

Constant density flow
The free jet data of Antonia and coworkers seem quite satisfactory

for model evaluation except for the laminar initial flow conditions, possible

three-dimensional effects, low Reynolds numbe2r and the presence of large

scale structures, features which are not explicitly considered in most
current turbulence models. It would be helpful if questions concerning large V,-

scale structures, the attainment of similar flow and the presence of three-

dimensional flow effects were resolved. Also intermittency data for the

Antonia and coworkers plane jet would be of value. Data of a similar

character to those of Antonia and coworkers are clearly needed for free

round jets.

In addition to a general need for more data, especially for round jets,

there are several specific issues that require study. Foremost arc the V

presence and role of large scale structures in round as well as plane jets, the

attainment of similarity, aspect ratio and three-dimensional effects in plane

jets, and the influence of initial conditions and conditions in the ambient

fluid on jet development and on the attainment of similarity.

Experiment has shown consistently that radial and lateral profiles of

mean velocity and mean scalar quantities are nearly Gaussian when scaled

according to similarity. This result is consistent with theory from simple

turbulence models (see Townsend, 1976) and from more advanced turbulence

models. Thus in comparing model results with experiment, one should focus

attention on the axial development of the jet as measured and calculated.

For similar flows, this development for mean and second moment quantities

is defined by the flow constants, Cu, Ce , Lu , L9 , and by the limiting values
of u and /0 One's interest in the question of axial flow

development is stimulated further when it is noted that to date model

results for the axial evolution of turbulent jets do not in general compare

well wi;i experiment.

Also of interest are accurate velocity measurements to larger lateral

distances than have been possible in the past in order to check the form of
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the functions f, g and k. Finally it is noted that this review, because of time

and space limitations, has essentially excluded two-dimensional shear layers

and wakes of all kinds from detailed consideration. Data for these flows

need to be reviewed as well.

Variable density flows

thatA deficiency in the variable density data presented in this section is

that the density difference between the jet and the coflowing air is not as
large as one would like. Additional measurements in round jets of the type

discussed above are needed in flows with increased initial density

differences, and in the near-field region downstream of the jet exit where

density differences are greatest. For such meastrement, care must 5e

exercised in establishing well characterized initial conditions. The

measurements should include mean and higher moments of velocity, scalars,

and important correlations.

Detailed measurements in planar jets and planar mixing layers would
provide useful test cases for riiodel developriieint and evaluatiun. As

* mentioned in the introductory comments, both planar jets and planar mixing

layers maintain a density difference farther downstream than do

' axisymmetric jets. Thus, they would provide a more rigorous test of variable

density models. Experimental work is needed, however, to establish the

possible importance of large scale structures in these flows before the

suitability of currently available modelling approaches can be evaluated.

'.S

N .
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L CHAPTER 3

FAST REACTION NON PREMIXED COMBUSTiON

G. M. Faeth and G. S. Samuelson

NOMENCLATURE

d acceleration of gravity

d jet diameter

D mass diffusivity, jet diameter

C- f mixture fraction
h slot height

- k turbulence kinetic energy

Ki kurtosis of random variable i

L integral length scale

p pressure

P(i) probability density function of variable i

r radial distance
Re Reynolds nw-nber

, Rj correlation coefficient of variables i and j

Si skewness of random variable i

T temperature
u stramwise velocity

v crosstream velocity
-'-w i  reacton rate of speciez i

x stearwise direction

xi  spatial coordinate in direction i

X i  mole fraction of species i

crcsstrearn direction

Yi mass fraction of species i
, ." streamwise pressure gradient parameter

intcrmittency

conserved scalar

density

., cgeneric property

X.. instantanewUs scalar dissipation rate

1 1 C
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Subscripts

C centerline

C free stream

f flame tip

j jet or slot exit

max maximum value

n nonturbulent fluid

t turbulent fluid

w wall exit

o flow axis or plane of symmetry

Superscripts -
(') time-averaged quantity

C) Favre-averaged quantity
( )' fluctution from time average
(0)" fluctuation from Favre average r

()' time-averaged fluctuating quantity, (p,2 ) 1/2

C)" Favre-averaged fluctuating quantity, ((P', 2)112  x.,

averaged quantity indicated by a probe
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INTRODUCTION

Burke and Schuman (1928) were among the first to recognize that
nonpremixed flames, or other reaction processes, could often be understood

without detailed consideration of chemical kinetics. They defined the fast-

reacting nonpremixed combustio.1 i-mit, or classical diffusion flame, where
reaction occurs only at a thin flame sheet. At this limit, reaction rates are

fast and reactant concentrations are negligible in the flame sheet;
therefore, overall rates of reaction and the position of the flame sheet can

be found from transport principles alone. Subsequent work has demonstrated
the practical utility of this concept, even for complex processes like

turbulent flames.
:'I

Consideration of flows at the fast-reacting nonpremixed combustion
limit is a logical first step in the evaluation of methods proposed for

analyzing turbuient reacting flow. At this limit, the reacting flow is only a
modest extension of passive turbulent mixing; the main difference being the
energy reiease at the flame sheet and the accompanying changes of scalar

properties, e.g., density, temperature, composition, etc. The objective of
this chapter is to review past meaqurements of fast-reacting nonpremixed

turbulent reaction processes in order to highlight data bases most suitable

for evaluation of theories of turbulent reacting flow. Recommendations are
also made concerning measurements that are needed for more definitive
evaluation of analysis. Other chapters in this report, by Gouldin and 3ohnson

(1985), Drake and Kollman (1985) and Libby, Sevasegaram and Whitelaw
(1985), have similar objectives for passive mixing, slow-reaction

nonpremixed combustion and premixed combustion, respectively.
We take a broad definition of fast-reacting nonpremixed turbuient

combustion processes. Turbulent reaction processes are considered where

chemical transformation is mixing controlled and local thermodynamic
equilibrium in maintained (within experimental uncertainties), for major

I.."

sDecies and temperature. Thus we consider acid/base reactions in liquids,
where effects of energy release are small; as well as gaseous diffusion

flames, where free radicals and other trace species can be influenced by
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finite-rate chemistry, even though the major species are often nearly in I

thermodynamic equilibrium. Reactant combinations in the latter category

include hydrogen/air hydrogen/fluorine, carbon ,monoxide/air, nitric

oside/ozone and the dissociation of nitrogen tetroxide in warm air.

Similar to the other chapters in this report (Gouldin and 3ohnson,

1985: Drake and Kollman, 1985: and Libby et al., 1985), attention has been

limited to stationary turbulent flows (flows which are independent of time in

tht mean) which can be analyzed using a paraboilc formulation of the

governing equations (flows which satisfy the boundary layer approximations).

For convenience, these flows are grouped into three categories, as follows:

(1) round free jets, (2) plane free shear layers, and (3) wall boundary layers.

Past measurements, however, have largely emphasized the round free jet

configuration.

This chapter begins with a general discussion of the properties of

experiments involving fast-reacting nonpremixed turbulent combustion. This

includes an operational definition of the fast-reaction limit, measurement

properties needed to properly define flows for evaluation of analysis, and the

characteristics of various medsurement techniques. The present discussion

of measurement techniques is brief and primarily considers methods having

particular interest for nonpremixed flows.

Using principles developed in the section on experimental ,

considerations, the experiments themselves are discussed. The objective

here is not to discuss the physics and chemistry disclosed by the

experiments, original sources serve best for this purpose, Rather, our intent

is to determine available data bases which are most appropriate for

evaluation of analysis at the fast-reaction limit. The paper concludes with

recommendations concerning existing measurements which are best suited

for evaluation of analysis, a format appropriate for data-base

documentation, and suggestions for additional measurements.

1.
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E.XPERIMENTAL CONSIDERATIONS

The general properties of experiments concerning fast-reacting

nonpremixed turbulent combustion processes are discussed in this section,

prior to describing the measurements themselves in the next. The objective

is to point out properties of experiments which make them particularly

suitable for evaluation of analysis. In doing this, we do not attempt to

anticipate the kind of analysis to be evaluated, aside from the general

limitation to stationary parabolic (in the mean) flows. Our view is that any

practical analysis should yield information concerning operational properties

of the process, i. e., those properties which can be measured in a well-
defined manner. Therefore, we concentrate on the operational definition of

the fast-reaction limit; the effect of potentially uncontrolled, or unreported,

variables on flow properties; and the properties of measurements that have

been made during past work.

Fast-reaction criteria

I, this section, thc Fxeberit definition of the fast-reaction limit i

described. This is followed by an application of this definition to several

reactant combinations that have been considered in the past.

The fast-reaction limit of nonpremixed combustion is reached when

characteristic transport times of mass diffusion, thermal diffusion, and

Pconvection are large in comparison to all characteristic times of reactions in

the chemical transformation mechanism. In this case, instantaneous

thermodynamic equilibrium is maintained at each point in the flow and

scalar properties are fixed by diffusion processes at the molecular level.
" The simplest realization of this limit occurs when chernical conversion only

occurs in a reaction (or flame) sheet which is thin in comparison to other

length scales of the process. For flames, this thin-flame limit is generally

confined to cases where the activation energies of all relevant reactions are

large.

No real nonpremixed reaction or combustion process satisfies the

above prescription of the fast-reaction limit for all species in all regions of

10
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the flow. Exceptions occur near regions of flame attachment, possibly
throughout the flow for free radicals and other trace species (often

pollutants), as well as the conventional exception when characteristic
diffusion times become comparable to chemical times in a highly turbulent

flow. Points of flame attachment fundamentally involve comparable f

transport and chemical times; therefore, the reaction zone is thick in ",

comparison to local length scales and the full complexity of turbulent
reaction processes must be considered. Naturally, all experiments have such

a region; however, this zone is assumed to be small and measurements within

it are excluded from consideration, for present purposes.

If measurements were excluded due to loss of local equilibrium for
free radicals and trace species, there would be very few candidate data

bases for the fast-reaction limit. The major problem is that three-body

recombination reactions of free radicals are often relatively slow and have
low activation energies. This leads to superequilibrium of free radicals and
relatively thick zones where their rates of reaction are significant in most

flames. Nevertheless, these processes often have only a minor influence on

the structure of the flow; therefore, with some lack of rigor, we choose to

ignore them in order to preserve the convenience of the fast-reaction limit.

Thus, for present purposes, conditions where only major species (reactants

and products) approach local equilibrium are accepted as part of the fast- H

reaction limit.

Given local thermodynamic equilibrium as a criterion for the fast-
reaction limit, the next problem is to define an operational method for

estimating when this limit is satisfied. Analysis provides one approach.

Given information on turbulence scales, estimates of diffusion and
convection times can be made. Estimating characteristic chemical times,
however, is more difficult. First of all, a complex mechanism is usually

involved, and not all reaction steps are well known. Next, nonpremixed

combustion processes always involve local variations in the concentrations

of elements, yielding a range of reaction conditions which only detailed.-

analysis can resolve.
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Activation energy asymptotics, along the lines discussed by

Buckmaster and Ludford (1982) and references cited therein, provide one

means of treating changes in the local concentrations of elements within the

flame sheet formalism, when examining conditions for the fast-reaction

limit. However, this is often not appropriate for the processes which are the

main issue, e. g., low activation energy reactions of three-body free radical

recombination reactions. In such circumstances, perturbation methods

(Bilger, 1982) or complete solution of the chemical mechanism offer

alternatives. Some examples of the latter will be considered in the

following.

Examination of conditions where the fast-reaction limit is

appropriate is vastly simplified when condition approximate the

requirements of the conserved- scalar formalism (Bilger, 1976). This implies

that there are only two reactant streams (fuel-containing and oxidant

containing); that flow velocities are !ow, so that the kinetic energy and

viscous dissipation of the mean flow can be ignored; that the exchange

between elements of the flow by radiation is negligible; and that

instantaneous local thermodynamic equilibrium is maintained. Then, all

instantaneous scalar properties are only a function of the degree of mixing

of the two streams. The degree of mixing can be represented by a number of

parameters, the mixture fraction (the fraction of mass originating from the
fuel stream) is a common choice. Relaxation of any of the.e -ipproximations

requires additional parameters to specify the local state ! t flow, e. g.,

three reactant streams would require two mixture fraction parameters to

specify the state of mixing.

The type of failure of the conserved scalar formalism of greatest

interest here involves loss of local thermodynamic equilibrium. The effect of

turbulent mixing on thermodynamic equilibrium can be conveniently

examined using an approach described by Bilger (1977) and Liew et al.

(1984). First of all, we assume that the mass fraction of species i, Yip is

solely a function of the conserved scalar, , e.g.

Yi - Yi) (1)
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Then the equation for conservation of i can be written (Bilger, 1977) as

follows

1/2 pX(d 2 Yi/d 2 ) -, (2)

where
2D(34aXk) 2  (3)

In a turbulent flow, X is the scalar dissipation rate. This parameter reflects L

effects of flame stretch which lead to locally high values of X and a

tendency to depart from conditions of local thermodynamic equilibrium.

Computations of Liew et al.(1984) directly show the effect of flame

stretch on approach to thermodynamic equilibrium. They consider laminar

methane/air diffusion flames, using a chemical reaction mechanism bi

involving 38 reactions for 16 species. The laminar flame is progressively

stretched, parametrically considering maximum values of the scalar

dissipation rate, Xrmax in the range 0-99 s- 1. For low values of . max' the

profiles are nearly universal and the hypothesis that Yi = Yi( , ) is satisfied.

As x max increases, however, it exerts a greater influence on scalar
properties, eventually causing the flame to extinguish. A measure of the

approach to thermodynamic equilibrium can then be obtained by comparing

Y i( ) from the finite-rate analysis with direct computations, using an

equilibrium code such as Gordon and McBride (1971), for various values of i
and the same inlet stream conditions.

Knowledge of mechanisms and rates are often not adequate for an

analytical assessment of the fast-reaction limit. More direct methods
invloving measurements in laminar and turbulent flames then provide an

alternative. Laminar flames generally have a spatial variation of X
therefore, direct measurement of scalar properties in laminar flames can

provide a test of the degree to which local equilibrium is approached for this

range of x. In fact, this is the basis for the laminar flamelet concept of

Bilger (1977) and Liew et al. (1981). They observe that plots of scalar
properties as a function of t frequently are nearly universal functions, even
when local thermodynamic equilibrium is not maintained. However, by the *
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present criterion for the fast-reaction limit, nonequilibrium situations would

not be considered, even if they exhibit universality in t coordinates.

A more convincing alternative for establishing conditions at the fast-

reaction limit is to directly measure instantaneous scalar properties,

sufficient to evaluate t, in the turbulent flow. This generally requires

advanced experimental techniques, since information on mixing levels

requires measurement of the concentrations of several species. Work along

these lines, however, is beginning to appear, e. g., Drake and coworkers

(1981, 1982, 1984 atid 1985) and Dibble and coworkers (1984a, 1984b, 1085a,

1985b, 1985c, and 1985d).

In the following, several combinations will be examined to see if they

satisfy the criterion for the fast reaction limit, as follows: hydrogen/air,

carbon monoxide/air, hydrocarbon/air, hydrogen/fluorine, nitric oxide/ozone,

acid/base, and nitrogen tetroxide dissociation.

Hydrogen/Air It is commonly thought that hydrogen ox-idation

kinetics are fast in comparison to transport processes in subsonic flows;

therefore, hydrogen/air flames are logical candidates for study at the fast-

reaction limit. Evidence both supporting this view and suggesting some

limitations will be discussed in the foliowing.

Figure 2 is an illustration of species concentrations and temperatures

in several hydrogen/air diffusion flames plotted as a function of a conserved

scalar (fuel-equivalence ratio). Measurements include results obtained at

various points in laminar diffusion flames (FMaeth et al., 1985); and

Aeschliman et al., 1979) and in turbulent diffusion flames at locations

remote from the point of attachment (Drake et al., 1981, 1984).* Two sets

of predictions are shown, one considering finite-rate c -rstry for Re 4 100

by Miller and Kee (1977), the other based on local adiabatic equilibrium

using the Gordon and McBride (1977) computer code (CEC 76 Version). The

results of Faeth et al. (1985) and Drake et al. (.98l, 1985) exhibit close :

* The effect of position will be quantified later.
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approach to thermodynamic equilibrium for major gas species, suggesting a

relatively wide range of conditions where the criterion for the fast-reaction It

limit is satisfied. Equilibrium of temperature is not as well supported; this

will be discussed subsequently. The earlier results of Aeschliman et al.

(1979) and Miller and Kee (1977) also show significant departure from

equilibrium. The reasons for this behavior are not known, but could be

caused by differential diffusion which is a particular problem for this flame

system due to the low molecular weight of hydrogen, e. g., another mixing

parameter may be needed to properly represent all these results.

The effect of position on approach to local thermodynamic

equilibrium can be seer from the results appearing in Fig. 3. Measurements

of Drake et a!. (1984), using Raman spectroscopy, for turbulent hydrogen jet

flames in coflowing air are shown. Instantaneous temperature is plotted as a

function of instantaneous nitrogen concentration - the latter presenting a

single-valued measure of the degree of mixing between the two reactant
streams. The upper and lower portions of the figure, separated by the

discontinuity at the maximum temperature position, represent lean arid rich

conditions. Results for lean conditions are relatively independent of position

and agree with equilibrium predictions - satisfying the fast-reaction

crIterion and suggesting that effects of radiative heat losses from this flame
are small. Results for near-stoichiometric and rich conditions, however, p
depart from equilibrium predictions near the injector and only satisfy the

fast-reaction criterion for x/d 50.

Drake et al. (1984) attribute the reduced temperature levels near the

injector, seen in Fig. 3, to finite-rate chemistry, e. g., superequilibrium of

free radical concentrations. For example, they find that OH concentrations

on the order of 2.5 times the equilibrium value are sufficient to explain the

* discrepancy between measured and equilibrium temperatures (ca. 270 K) at

t x/d = 10. L[irect measurements of OH concentrations using laser saturated

fluorescence, by Drake et al. (1985), support this view. Figure 4 is an

illustration of measured OH concentrations at x/d = 10, along with
thermodynamic equilibrium predictions based on the measured mixture

fraction. A significant degree of OH superequilibrium is ,"Jent. Similar
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Figure 4. Radial prof-Ies of OH concentrations at x/d =10 in a coflowing

turbulent hydrogen/air jet diffusion flame (Rej = 8500). From Drake,

Pitz, Lapp, Fenimore, Lucht, Sweeney and Laurendeau (1985).
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results show a progressive decline of OH superequilibrium with increasing

distance from the injector. However, superequilibrium levels are still on the

order of 20% at x/d = 150. Even though OH concentrations are small in

comparison to major species, its presence has a significant effect on

temperature due to its high enthalpy of formation. Naturally, these effects

are greater for higher Reynolds numbers, using this jet diameter, as well as

for the smaller length scales corresponding to smaller burner diameters.

Considering the effect of Reynolds number highlights another

problem with hydrogen/air diffusion flames. Some representative

measurements, due to Drake et al. (1984), are illustrated in Fig. 5.

Instantaneous temperature is plotted as a function of nitrogen

concentration, which is taken to be the measure of mixing. The data were

obtained at x/d = 50 for jet Reynolds numbers of 1600, 5200 and 8500.
Adiabatic equilibrium predictions and the finite-rate chemistry predictions

.- of Miller and Kee (1977), for Re < 100. are also shown on the figure. Once

again, lean conditions nearly satisfy equilibrium requirements. Hc .'ever,

results at rich conditions show a progressive departure from equilibrium

predictions toward the loB Reynolds number estimates of Miller and Kee

(1977) as the jet Reynolds number is reduced. This trend cannot be

explained by finite-rate chemistry, since lower Reynolds numbers should

qprovide operation closer to local equilibrium. Instead, effects of differential

diffusion, described by Bilger (1982), provide an explanation. At low

Reynolds numbers, molecular transport becomes significant in comparison to
turbulent transport; therefore, the unusually high molecular mass diffusivity

of hydrogen in comparison to other species in the system influences the

mixing. It is not known whether local equilibrium is still satisfied for the

modified proportions of elements from the initial streams. The results

illustrated in Fig. 3 suggest that this might be the case. In any event, proper

treatment of differential diffusion, even at the fast-reaction limit, would

require consideration of laminar transport effects that are generally ignored

when the popular conserved-scalar formalism is used. c. f., Lockwood and

Nagtiib (1975) and Bilger (1982).
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flames. From Drake, Pitz and Lapp (1984).
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When assessing measurements, effects of differential diffusion will
not be used as a basis for recommendations. Complete analysis at the fast-
reaction limit should be able to treat the phenomenon. In most cases,

however, the desirability of minimizing effects of laminar/turbulent

transition and buoyancy in the flow field precludes most low Reynolds

number measurments where differential diffusion is a problem. We conclude
that the hydrogen/air diffusion flame results are representative of the fast-

reaction limit with respect to major species and temperature, within

experimertal uncertainties typical of current practive.

Carbon Monoxide/Air. The diffusion coefficients of maior gas species

are more similar for carbon monoxide/air than for hydrogen/air diffusion
flames, reducing difficulties due to differential diffusion. However, carbon

monoxide oxidation is not generally thought to be fast in comparision to

transport processes in flames. For example, several approximate finite-rate

chenistry rtiadeJs for hydrocarbon specifically consider CO oxidation while

assuming H2 oxidation is fast by comparison (Edleman and Fortune, 1969;

Westh "ook and Dryer, 1981).
Although oxidation of dry carbon monoxide is slow, the presence of

trace amounts of hydrogen yields a wet oxidation mechanism which is

reasonably fast (Glassman, 1977). Most practical carbon monoxide supplies

for turbulent flame experiments contain some hydrogen as a contaminant;

therefore, there is evidence that carbon monoxide/air diffusion flames can

approach the fast-reaction limit in the laboratory. Measurements of species

concentrations and temperatures in laminar carbon monoxide (containing
. 1.12% hydrogen by volume)/air diffusion flames, by 1a-eth et al. (1985), are

illustrated in Figs. 6 and 7. The degree of mixing is represented by the fuel
equivalence ratio (based on measured coarbon and oxygen element

concentrations. Predictions from the Gordon and McBride (1971) program

(CEC 76 Version) are also shown on the figure. These were obtained
assuming adiabatic equilibrium but omitting solid carbon as a potential

substance in the system for fuel-rich conditions.

b.11
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For the conditions of Figs. 5 and 6, the concentrations of major

supporting operation at the fast-reaction limit. Results are less satisfactory

for temperature, but these flames are known to lose roughly 20% of their
chemical energy release by radiation. Furthermore, temperature

measurements were not corrected for errors due to thermocouple radiation.

These radiation effects are sufficient to explain the discrepancies between

equilibrium temperature predictions and measurements in Fig. 6.

Razdan and Stevens (1985) report measurements in a turbulent carbon

monoxide/air diffusion flame. Faeth et al. (1985) find that these

measurements are consistent with the near equilibrium results of Figs. 6 and

7; thus the measurements are potentially representative of the fast-reaction

limit. Unfortunately, more definite assessment directly in the turbulent

flame, analogous to the results for hydrogen/air diffusion fiarmes, is riot

available. Based on current evidence, we conclude that existing

measurements for these flames are representative of the fast-reaction limit,

within experimental uncertainty.

Hydrocarbon/Air. Measurements in a variety of laminar NJ

hydrocarbon/air flames have been assessed during development of the

laminar flarnelet concept. This includes measurements in methane/air

diffusion flames by Tsuji and Yamaoka (1967, 1969, 1971) and for n-

heptane/air diffusion flames by Abdel-Khalek et al. (1975), discussed by

Bilger (1977); measurements in propane/air diffusion flames, discussed by

Jeng and Faeth (1984a) and Liew et al. (1984); and measurements in

ethylene/air diffusion flames, by Faeth et al.(1985).

Hydrocarbon/air diffusion flames yield similar results when

considered for thc. fast-reaction limit. Representative findings for

echylene/air diffusion flames are illustrated in Figs. S and 9. Concentrations ,

of major gas species are plotted as a function of local fuel-equivalence ratio

for various positions and conditions within laminar diffusion flames.

Predictions, assuming local adiabatic equilibrium, are also shown on the
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plots. Similar to the cases considered earlier, properties approach

thermodynamic equilibrium for lean conditions. Furthermore, concentrations

of O2, C2H 4 and nitrogen roughly approximate equilibrium over the full
range considered. However, concentrations of major product species, CO 2,
CO and H20, depart appreciably from equilibrium for fuel-rich conditions.

14While these major product species roughly follow universal correlations in

terms of the conserved scalar, satisfying the laminar flamelet concept for

this range of X, this type of quasi-equilibrium depends on finite-rate
chemistry effects. Furthermore, even quasi-equilibrium is less evident for

criterion for the fast-reaction limit. Instead, they are considered by Drake

Nand Kolimann (1985) along with other slow-reacting turbulent combustion

processes.

Hydrogen/Fluorine. Hydrogen/fluorine diffusion flames, with dilute

reactants in inert gases, have been studied in a series of investigations atg iCal. Tech. (Mungad, 1983; Mungal et al., 1983; 1984). Reaction rates for this

system are generally, fast, but difficulties were still encountered in
initiating the reaction at very dilute concentraticns. This was resolved by

adding trace amounts of nitric oxide to the fluorine-containing stream.

VAMungal (1983) estimates the degree to which his test conditions

approach the fast-reaction limit, but comparing characteristic large- and

small-scale mixing times with the characteristic chemical reaction time.

For local fluorine concentrations of 1%, the small-scale mixing time was

estimated to be roughly an order of magnitude concentrations of 1%, the

small-scale mixing time was estimated to be roughly an order of magnitude

larger than characteristic reaction times. However, free-stream fluorine

C . concentrations were only 1-2%, and are necessarily much lower in the
reaction zone itself; therefore, these computations are not a very convincing

demonstration that the fast-reaction limit was reached.

125

)o



U

Nitric Oxide/Ozone. Wallace (1981) considers dilute nitric U

oxide/ozone diffusion flames with the reactants carried by inert gas flows.

In this case, the reactants ignited spontaneously with no additives.

Wallace (1981) estimates large and small scale mixing and chemical

reaction times at his measurement location. The chemical and large-scale

mixing times were comparable at reactant concentrations having the same

order of magnitude. Although the spontaneous reaction suggests a high

degree of reactivity for these reactants, this assessment is certainly not

convincing evidence that these results approach the fast-reaction limit.

Acid/Base. Koochesfahani (1984) and Dahm (1985) consider tht
acid/base reaction involving dilute sulfuric acid and sodium hydroxide in ,.

water. Characteristic large- and small-scale mixing times are compared

with the characteristic chemical time based on the lowest free-stream

reactant concentration. For a plane free shear layer configuration,

Koochesfahani (1984) finds ratios of smail-scale mixing to chemical times on

the order of 102 in the region of his measurements. For a round free jet

configuration, Dahrn (1985) finds values of this ratio in the range 103./2

107. These results suggest reasonable prospects for close approach to the

fast-reaction limit, even though reaction zone concentrations are lower than

free-stream values. These experiments, however, involve negligible effects

of scalar property changes due to chemical reaction, since the reaction is

p imarily an indicator of mixing at the molecular level.

Nitrogen Tetroxide Dissociation. Batt (1977) considers a reacting

flow which involves dissociation of nitrogen tetroxide, originally in a cool

stream, by higher-temperature air in a second 5tream. The equilibrium

reaction is

2 N20 4 ' 2N0 2

In this case, rough estimates suggested that characteristic mixing times

were more than an order-of--nagnitude larger than charac:cristic chemical
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times. Computations employing a detailed mechanism as well as evidence
obtained directly from measurements in the turbulent flow also supported
the view that these results correspond to the fast-reaction limit (Batt,

1977).

Flow definition
Spalding (1979) has pointed out that turbulent mixing and reaction

processes involve both local and history effects. Thus assessment of
turbulent reaction analysis requires consideration of the development of the

flow, rather than simply properties at a point. This imposes the need for
proper initial and boundary conditions for the analysis. In the following, we
examine experimental evidence showing the importance of these effects for

turbulent reacting flows.

60 Initial Conditions. Initial conditions must be well-defined for all flow
streams involved in the nonpremixed combustion orocess. Very few
experiments are reported without some specification of overall average

properties of these flows. Distributions of mean and turbulence quantities,
however, are often unavailable. These pIoperties can have effects which

extend appreciable distances into the flow field; therefore, lack of such
information raises questions concerning the use of such measurements for
evaluation of turbulent reaction analysis. Experimental evidence

demonstrating these effects will be discussed in the following.
. Effects of minor changes in burner exit conditions have been

measured by 3eng et al. (1982). The tests considered a methane/air round jet

diffusion flame, with methane injected vertically upward in still air from a
water-cooled brner (where the cooled burner matched ambient

temperatures). Turbulence levels at the burner exit were changed by
installing a screen. These changes did not influence the mean properties at

the jet exit. Installing a screen, however, caused initial values of turbulence
kinetic energy to increase by roughly 10%. Without cooling, the burner

surface was 32K above the ambient temperature, which produced a thermal
plume visible in shadowgraphs, placing the flame in a slight coflow.
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The effect of these changes on mean temperatures and velocities are

illustrated in Fig. 10. These results are for an initial jet Reyioids number of

2920, wth traverses plotted for x/d = 52.2 to 413. With cflow present, by

ending cooling, the flow predictably becores narrower, Increasing

turbulence levels by installing a screen, however, has an opposite effcct

wnich is quite significant in view of the relatively small increase in k- These

effects were smaller at initial Rzynolds numbers of 5,850 and 11,700, but

clearly, initial turbulence properties and seemingly minor effects oi burner

conditions can have a significant effect on flow development.

Costly reactanLs, pronlerns of flame attachi-.ent and approach to the

fast--eaction limit, frequently conflict with the desire to provide -easonabiy

high initial Reynold numbers. In margiral situations, the increased
temperature levels in flames causes increases in Linenatlc viscosities which

tend to relaminarize even initially turbulent flows. Takagi er aJ- (1980, i98i) ,.

report measurements in low Reynolds number flames which exhibit L

relaminarization. The tests involved hydrogen-nitrogen tuei mixtures (2/3

volume ratio) injected vertically upward in still air. TurbuiLrce within the

jet tube was promoted; therefore, fully-turbulent conditions were

maintained even for tube Reynolds number. as low a!. 4,200.

Test results from Takaju et al.(1980) are illustrated in ,ig. 'i, for a
jet Reynoids number of 4200. Mean and fluctuating velocities -)d mean

scalar properties are shown near the jet exit (x/d 2) both with and without

a flame present. Even though the mean velocity gradient is somewhat

greater when the flame is present, tending to promote production of

turbulence, streamwise velocity fluctuations are significantly lower,

Furthermore, values of u are clearly reduced in the high temperature

region of the flame, strongly suggeting relarninarization due to increased

viscosity at increased temperature levels. In spite of thi5, the flarni";.-.gI

condition actually yields a wider flow than the ine,t flow, e.g., shadcwgraphs

indicate a somewhat bulbous flow boundary near the jez exit for flaming

conditions. This appears to be caused by the presez-nce of the high-

temperature region near the edge of the flow, causing diffusion of neat into

the relatively slow entrainment flow at low Reynolds numbers. Computing S
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these features represents a significant challenge; therefore, even accurate

knowledge of initial conditions would probably not make this flow a good

candidate for evaluation of turbulent reaction models.

Properties of the air stream have similar importance. Numerous

authors have pointed out problems of room disturbances for flames in still

air - these effects always acting to increase the apparent rate of spread of

the flow. Coflowing jets also exhibit effects of upstream boundary layers,

c.f., Kent and Bilger (1973), and Starner and Bilger (1984).

A more subtle effect involves the turbulence levels of the air stream.

This has not been e-xarnined to a great degree for fast-reacting nonpren.xed
flames, but is <nl :now-n from studies of noncombusting turbulent flows. A

dramatic example is the planc free shear aver studies of Brown and Roshko

(1974) and Chandrasuda et al. (1978). The earlier experiments, involving

streams having low turculence levels, exhibit highly regular turbulent

structures in the transitional flow regime, before the mixing tran.sition is

reached. In contrazt, such structures were not at all evident when the

I turbulence levels of zhe streams were increased in the later study of

Cnandrasuda et al. (1978).

Boundary Conditions. Flows in still environments have readily-defined

pboundary conditions, aside from difficulties of ambient disturbances noted

earlier. Flows in channels, however, introduce effects of streamwise

pressure gradients, as well as distortion when the crossectional area of the

flow is changed to control static pressure variations. Both effects will be

considered in the following.

Starner and Bilger (1980) have reported an extensive study of effects
of streamwise pressure gradients on a simple turbulent diffusion flarne. The

test configuration wa.s a hydrogen jet flame in coflowing air within a

rectangular duct. Two sides of the duct could be moved so that the average

strearwise pressure gradient could be varied to yield values of -274, -213, -

102, -18 and +23 Pa/m. For all these cases, however, there were local

variations of + 30% of these values, due to the development of the flow in

the duct. These conditions gave values of the pressure-gradient parameter

131



U
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in the range (-1. 1 to 0.9) x 10- 3 .

Mean centerline and free-stream velocities, from Starner and Bilger

(1980), are illustrated in Fig. 12. Clearly, these mean velocities are strongly

influenced by the streamwise pres:.'re gradient, even for the relatively small

values of which were considered. Positive pressure gradients are

particularly problematical. For a pressure gradient of 23 Pa/m, the velocity

defect is negative at x/d = 160, since the low-density gas near the axis is

rapidly decelerated by the pressure gradient. In fact, evidence for flow Kel
separation near the axis was observed farther downstream for this condition. Cal

Effects of mean streamwise pressre gradients on turbulenceproperties, from Starner and Bilger (1980), are illustrated in Fig. 13.

Streatnwise velocit fluctuations along the axis, for different mean

streamwise pressure gradients, are illustrated as a function of distance from

the jet exit. Again, even small values of 0 cause significant changes in u,1

particularly for x/d > 60. For mean pressure gradients of -109 and -274

Pa/m,u o increases for a time for x/d in the range 40-80. This is probably due -d
0

to turbulence production by the interaction between the mean pressure

gradient and the turbulence (Starner and Bilger, 1980). Similar increases ir.

velocity fluctuations are also observed in vertical buoyant diffusion flames

due to hydrostatic pressure variations (Jerig et al., 1982). Such effects

clearly indicate the need for specification of streamwise pressure gradients

in flames. Cases where this phenomenon is significant are also problematical

for analysis at present, since such interactions for variable-density flows are

not well understood (Bilger, 1976).

Attempts to control streamwise pressure gradients in ducts generally

involve changes in the crossectional area of the duct. This is frequently

accomrlished by adjusting the position of two opposite sidewalls. The

resulting loss of symmetry distorts ambient velocities and causes elliptical,

as opposed to axially-symmetric, profiles (Starner and Bilger, 1980). Most
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existing measurements it ducts involve only vertical traverses; therefore,
the extent of this problem cannot be evaluated without further study.

Similar effects have not been reported for plane shear layers, but
differential boundary layer growth and secondary flows can cause distortion

as wel. The extent of such effecMs, however, cannot be evaluated from

existing documentation.

Buoyancy. The main issue is to evaluate methods for analyzing
turbulent reacting flows; therefore, it is desirable to minimize complications
of the turbulence structure. Buoyancy represents such an unwanted effect,
since current understanding of buoyancy/turbulence interactions in flows

having large density variations is very limited.

Becker and coworkers (1973) have investigated effects of buoyancy on
vertical turbulent diffusion flames in still environments. Using integral

theory, they develop a simple method for evaluating effects of buoyancy to
some extent, particularly near the tip of the flame. The effect is often not
detected when considering only mean properties, although turbulence
quantities exhibit significant changes as noted earlier. Such changes in the
turbulent environment affect processes of turbulent reaction and must be

considered when evaluating analysis of reactive flow.
Numerous measurements with jet flarnes in coflowing air also involve

effects of buoyancy which can limit their value for assessing models of
turbulent reaction. Authors generally note gross effects, such as the rise of

the flame axis above the geometric centerline, and avoid operation at
conditions where effects of buoyancy dominate. Nevertheless, there are
more subtle effects on turbulence properties which are often overlooked.

Recent measurements by Dibble et al. (1984b) provide insight
concerning efiects of buoyancy in horizontal flows. The tests involved
hydrogen (containing 22% Argon on a molar basis) round jet diffusion flames
in coflowing air. Initial jet Reynolds numbers were 24,000 (u. 1.54 m/s, ue

8.5 m/s); therefore, effects of buoyancy near the injector might be
expected to Ibe small. A combined laser Doppler anemometer
(LrDA)/Rayleigh scattering (RS) system was used to measure velocities,
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densities and their corrrelations.

Measurements which highlight effects of buoyancy are illustrated in
Figs. 14 and 15 (Dibble et al., 1984b). Vertical traverses of streamwise mean

and fluctuating velocities and their correlation, p 'u ", are illustrated for x/d

= 50. This position is just beyond the flame tip. A Cartesian coordinate

system is used for distances, positive and negative values represent positions

above and below the axis. Mean velocity profiles have unusually large

scatter; however, they roughly indicate a somewhat steeper profile above

the axis than below. Velocity fluctuations exhibit greater asymmetry, having

maximum values below the axis and trailing off to higher ambient values

above the axis. The correlation .'u' has the greatest asymmetry, having its

largest absolute value below the axis and a relatively complex variation over

the flow.

The effects seen in Figs. 14 and 15 are primarily attributable to

buoyancy. The high-temperature low-density gas near the axis has stable

and unstable stratification on its lower and upper surfaces. This has a direct

effect on turbulence properties even at x/d = 50. Farther downstream,

effects of buoyancy on mean properties are clearly observed. Such three-

dimensional effects will clearly complicate analysis of this and other similar -:

flows. Similar experiments in vertical flow (Dibble et al., 1984a, 1985a,

1985b, 198.c) reduces the effect of buoyancy to a symmetric field, providing

a more attractive configuration for analysis.

Average. A complete understanding of turbulent reaction processes '

would provide a means of calculating moments of velocities and scalar

properties using any desired averaging procedure. This is generally not

possible at present; therefore, it is necessary to specify the type of averages

obtained by both theory and experiment if they are to be properly compared.

In cases where they are not the same, estimates of the differences between

them must be available. A

Two types of averages most commonly appear in current analysis and

experiments: (1) conventional unweighted (Reynolds) averages, and (2)

derisity-weighted (Favre) averages. For unweighted averages, the E

1,3
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Figure 1.4. Measured streamwise mean and fluctuating velocities in a turbulent

horizontal hydrogen-argon/air jet diffusion flame. Vertical traverse
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instantaneous value of any generic quantity, € , is decomposed into time-

averaged and fluctuating components, as follows:

Clearly, ' = 0 under this definition. Favre or density-weighted averages

have the following definition (Bilger, 1977):

. (6)

The density-weighted mean and fluctuating components become

O MpO + pO,, (7)

In this case, o 0 " 0, but 4, " k 0 in general. Conventional and Favre averages

are identical in constant-density flows, but can be appreciably different in

the variable-density flows characteristic of flame environments.

Conditional averages are often reported from experiments, although

they play a lesser role in current analysis of fast-reacting turbulent flows.

Such averages can be conditioned on turbulent and nonturbulent fluid, in

cases when a turbulent stream is mixing with an environment having small

turbulence levels; or on mixed and unmixed fluid, in cases where both

streams are turbulent. Conditional averages can also be defined in terms of

either conventional or Favre averages, yielding a potentially large
assortment of properties. In terms of Reynolds averages, we have

I. - +1yw (8)

where It and 4n are conditional averages appropriate to turbulent and

nonturbuient fluids, while represents turbulence intermittency, e.g., the
fraction of time when trbulent fluid is present at the point in question. An

analogous equation can be written using averages conditioned on mixing.

Velocity. Fortunately, conventional- and Favre-averaged mean

velocities are not very different in turbulent reacting flows, in view of the

experimental uncertainties of tyDical measurements. From the basic

defini ion of a Favre average, Eq. (6), the difference between these averages
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(u-u)/u - pu'p U

Potential differences can be examined by introducing the p'u' correlation,

R. ' , , as follows
=UU/ -P/)u/) P-I(0)

In Eq. (10), and in the following, we have adopted the notational convenience

that(T 2 /iJI? /) -- (I'll) ; this should not be confused with the fundamental

requirement that I' 2. The correlation R , ,,has been measured bv
P U

Starner and Bilger (1980, 1981), Scheffer et al. (1982), and Dibble et al.

(1984b) for round jet diffusion flames in coflow and Liberdy et al (1979) and

Lai and Faeth (1985) for plane buoyant flows. The behavior is similar in both

flows with maximum values on the order of -0.5 and values approaching zero

near the edge of the flow c... Fig. 15. Conservatively estimating P'/p = -

and ' ;u ='0.2, which are typical of flame environments, yields potential

differences between conventional and Favre averages on the order of 10%

Starner and Bilger (1981) report direct measurements of u and u in the

round jer diffusion flames in coflowing yielding differences on the order of

5%, which are well within this limit.

Differences between conventional and Favre averages are larger for

velocity fluctuations, and probably for other turbulence quantities as well.

Taking streamwise velocity fluctuations as an example, it can be shown that

1('' ((ai)I(ui+u )~p /p)((p'/p)Rp'' -R (2

2.

Starner and Bi!ger (1981) have measured R ,u , n round jet flames; it is

relatively small near the axis and decreases monotonically toward -1 near

the edge of the flow. Taking mean values across the flow as follows:

PP 1, u'/(u' + u") = O.5, R P - R P = 0.3,
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yields differences between u' and u" on the order of 20%. This estimate is

comparable to direct measurements by Starner and Bilger (1981), although

higher values, tip to 40%, were observed near the flow edge. These

considerations imply that mass weighting has a significant effect on

turbulent velocities in flames and strict correspondence with the method of

averaging is required for definitive evaluation of analysis.

Velocity measurements are most often made with hot-wire

anemornetry, Pitot probes and laser Doppler anemometry (LDA). Hot wire

anemometry is generally limited to characterization of initial conditions,

where the constant density flows present few problems. Pitot probes and

LDA, however, are often used to measure flow structure and will be

considered in the following.

Becker and Brown (1979) discuss errors and uncertainties associated

with the use of Pitot probes. In general, such probes are not very relaible

when local turbulence intensities are high, e. g., greater than 20%, d,,e to

effects of flow inclination on their reading and the disturbances they

j" introduce. Libby et al. (985) suggest that Pitot probes indicate a type of

density-weighted velocity, e.g.,

^ (12)
U = (pu2 )1/2 1I12

"U which is neither a conventional nor a Favre average. The differences

between u and can be formulated as follows

(U-'u - (-u+(u-u))(ufu) P (13)

Using the same estimates of mean and fluctuating quantities, and their

correlations, as before, yields differences between u and u on the order of

5%.

Errors associated with measurements using LDA are discussed by

Libby et al. (1985) and references cited therein. If the instrument is properly

frequency-shifted, errors due to directional bias and directional ambiguity

can be eliminated; if not, loss of accuracy is comparable to probes and

measurements where turbulence intensities exceed 20% have considerable

141

- -- - - -



NN___ _ __, -V-. ILV- &VNN

II
uncertainty. The response of the seeding particles is usually adequate for the
characteristic flow lengths and velocities of existing measurements in
diffusion flames. However, problems of velocity and concentration bias must

be addressed.

IU the reactant flow of a premixed flame is uniformly seeded and if

the molecular weights of all species are the same, then the concentration of
seeding particles is proportional to the density. In this case, if each particle ;"

gives only one velocity output upon passing through the measuring volume, a
particle-average velocity is equivalent to a Favre-averaged velocity (Libby

et al., 1985). Similarly, if the data density is high, implying small time
intervals between valid velocity signals in comparison to characteristic flow

time, time-averaging the low-pass filtered processor output yields a
conventional average. Diffusion flames involve at least two reactant flows,

however, and these conveniences are not generally applicable. If both

streams are seeded to yield a high data density, then a proper time average

is obtained. If high data densities can't be maintained, then the uniform tiue

interval sampling advocated by Stevenson et al. (1982) and Craig et al.

(1984) or achiving the time-of-event and subsequent analysis with uniform

time intervals as advocated by Brum and Samuelsen (1984) can be used to
obtain a reliable tme average as well as a direct estimate of potential bias

errors. These approaches, howtver, have not been used for any of the

measurements considered here.

If only one stream is seeded, but seeding densities are high and the

signal is conditionally averaged to eliminate periods when only unseeded

fluid is present, then a conditional time average is obtained. LDA M
measurements by Glass and Bilger (1978), Starner and Bilger (1980, 1981) and

Starner (1983) were carried out under such conditions. Furthermore, the
unseeded flow had a low turbulence level; therefore, these measurements
correspond to conditional turbulent fluid averages, which are appreciably
different from conventional averages when intermittencies are large. Data 9"

of this type, as well as particle-averaged quantities when only one stream is
seeded, are not very convenient for evaluation of analysis. Dibble et al.

(1984a) establish the limits of the potential bias in the vertical flow of a jet
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of gaseous fuel into coflowing air. Distributions of velocity and mixture
fraction are measured when only the fuel is seeded, when only the air flow is

seeded, and when both the fuel jet and coflowing air are seeded. Bias of the

data is clearly evident although differences are modest except for the mean

and rms radial velocities.

Temperature. Conventional and Favre averages of temperature are

appreciably different in flames - up to several hundred degrees Kelvin. Most

temperature rreasuring systems yield values which approach time averages,

although optical techniques have the capability to find both types of

average. Thermocouple rA-obes and optical methods will be briefly discussed
V in the following.

Libby et al. (1985) point out that thermocouple probles yield a heat-

transfer weighted mean temperature. If the probe is small, this approaches a
time-averaged temperature modified by radiation and conduction errors.

Whether correcting such readings in the meaJn is appropriate, due to the

nonlinearities associated with radiation and flame structure, has not been

assessed to our knowledge; however, this practice is commonly accepted.

Errors in such procedures are unlikely to be greater than a fraction of the

correction.

Thermocouple probes are generally too large to provide adequate

frequency response to measure temperature fluctuations in gaseous flames;

therefore several workers have used compensation circuits to improve

frequency response. This procedure is only accurate if the appropriate

instantaneous time constant of the thermocouple is known. In flame

environments, the time constant varies with instantaneous mixture fraction

and velocity as well as the state of thermodynamic equilibrium -- all of which

vary with time; therefore, use of an unvarying time constant in the

compensation circuit yields questionable results. Some authors attempt to

correct for this by periodical!y measuring the time constant. Since
compensation seeks to increase response, however, such determinations

clearly cannot be made rapidly enough to provide reliable compensation for

the full range of frequencies in the flow. As a result, we feel that
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compensated thermocouple measurements provide useful qualitative results
concerning temperature fluctuations in reacting gases, but uncertainties in
these measurements cannot be specified well enough for their use in

definitive assessment of analysis.

Optical techniques for temperature measurements include Rayleigh
scattering (for appropriate gas mixtures), spontaneous Raman scattering,
and coherent anti-Stokes Raman scattering (CARS). These measurements

are normally processed to yield time-averaged mean and fluctuating values.

In some cases, sufficient information is available for finding instantaneous
density as well and Favre-averaged values are computed as well. :-Kent and Bilger (1973) and Drake, Pitz and Lapp (1984) have made

measurements in round jet hydrogen/air diffusion flames, for similar

conditions, which provide a means of directly comparing results from 6;

thermocouple probes and Raman scattering measurements. The results are

illustrated in Fig. 16. Differences between the two sets of measurements are J..
similar to experimental uncertainties. The advantage of the Raman

measurements, however, is that temperature fluctuations can also be

accurately obtained.

Other Scalar Properties. Other scalar properties of interest include
mixture fraction, species concentrations and density. Methods most

frequently used for these measurements are sampling probes and optical '

techniques (Mie, Rayleigh and Raman scattering; CARS; and laser-induced

fluorescence). Sampling has slow response and has only been used for mean

properties in reactive environments. The optical methods can provide
temporal, and in some cases Favre, averages of mean and fluctuating,

quantities.

Sampling is generally thought to provide values which approach Favre
averages (Libby et al., 1985). The evidence for this, however, is limited and
the difference between conventional and density-weighted averages can be

large. The behavior of a particular species or density depends on the state
relationships of the reactant systems; therefore, we consider mixture

fraction as a representative scalar property to examine the differences
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between these averages. From the basic definitions I

(f-O/f - (f'(p~p)R0 T (14)

At the fast-reaction limit, ti , di ference can also be conveniently stated in

terms of mixture fraction and the state relationship for density, as follows:

(f-Q/f = - [(a 1n p)/a in OI]f/h 2  (15) r

Measurements of Starner and Bilger (1981) indicate maximum values of f/T'

R if Z 1, suggesting differences comparable to the value of the

mixture fraction itself. The same conclusion is reached from their direct

measurements of f and f.

Kennedy and Kent (1981) provide results where probe measurements

can be compared with Mie-scattering measurements of both conventional-

and Favre-averaged fraction. These results are illustrated in Fig. 17. Probe

measurements of Kent and Bilger (1973) as well as Mie scattering

measurements of f and7 (assuming an equilibrium flame) of Kennedy and

Kent (1981), all for the same flame conditions and test apparatus, are

illustrated. Near the jet exit, I and7 don't differ appreciably and all methods

are in reasonably good agreement. Near the flame tip, however,

intermittency appears at tie axis and the Favre-averaged value is roughly

I hall the conven'ional-averaged value. The probe values fall between the

Favre and conventional averages; however, they are generally closer to the

conventional average, which is opposite to most current opinion.

Drake, Bilger and Starner (1982) point out that mixture fraction

measurements using Mie scattering yield larger differences between

conventional- and Favre-averaged values than Raman measurements in

hydrogen/air diffusion flames. They suggest effects of differential diffusion

as a possible cause for this behavior, e. g. molecular diffusion rates of

hydrogen are greater than other permanent gases while particles have %

negligibly-slow rates of molecular diffusion. In spite of this, however, recent

Raman measurements in turbulent hydrogen/air diffusion flames, by Drake,

14.
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lent hydrogen/air jet diffusion flames. Comparison of Favre,

Reynolds and probe averages. From Kennedy and Kent (1981).i
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Shyy and Pitz (1985), yield conclusions similar to the Mie-scattering

findings. Their mixture fraction measurements, reduced to yield both f and " 4
along the flame axis, are summarized in Table 1. For x/d < 150, differences
between f and-[ are generally less than 10%. However, at x/d = 200. where

intermittency becomes significant on the axis, there is roughly a 50%

difference between I and f. Other areas of high intermittency, which

incorporates most of the region where reaction is significant, exhibit similar

large diferences between f and f. "

Table 1

Conventional- and Favre.Averaged Mixture Fractions

in a Turbulent Round-Jet Diffusion Flame* ,F'

x/d 10 25 50 100 150 200

C

0.463 0.203 0.110 0.0540 0.0315 0.0173 'I "?
f 0.461 0.201 0.109 0.0536 0.0290 0.0126

In agreement with Drake, Bilger and Starner (1982), we conclude that

probe measurements yield results having indeterminate levels of density

weighting, generally lying between conventional and Favre averages.

Furthermore, differences between these averages are large (greater than

30%) in the region where reaction is significant. The reason that probe

measurements do not reliably indicate FaTe averages is not known at

present. More attention to the flow response of specific sampling probes, for

* Along the axis of a hydrogen/air diffusion flame, Re. 8500. From
Drake, Shyy and Pitz (1985). II
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typical turbulent flame environments, should be pursued to clarity this issue.

Probe measurements of species concentration also appear to have

limited accuracy when local turbulence intensities are high (greater than
20%), similar to Pitot probes. Direct evidence of this is presented by Lai et
al. (1985), where sampling measurements of mean mixture fraction are

compared with LIF and laser absorption measurements in a turbulent wall

plume. The optical techniques agreed reasonably well with each other,
however, the probe measurements were biased upward near the freestream

edge of the flow. Based on the indeterminacy of density weighting and

effects of turbulence Lntensity, it is unlikely that probe measurements can
provide a definitive test of turbulent reaction analysis at the fast-reaction

limit.

Mie scattering measurements of mixture fraction also exhibit
difficulties which limit their usefulness for definitive evaluation of analysis.

Use of titanium dioxide particles give high seeding levels, but these particles
undergo light-scattering property changes in flames w'hich com-plicates

interpretation of such measurements (Kennedy and Kent, 1979). Use of
aluminum oxide particles avoids the property change effect; however,
uniform e:ding rates at sufficiently high levels to control shot noise are
difficult to provide. Effects of differential diffusion and the need to invoke
the equilibrium flame assumption to compute other scalar properties also

limit the effectiveness of these results - particularly for fluctuating
properties. In summary, only carefully-conducted Rayleigh, Raman, LIF and

CARS measurements, or other nonintrusive techniques providing a direct
measurement of mixture properties, have the potential to provide
measurements of scalar properties for definitive evaluation of turbulent

reaction analysis.

Visualization. Visualization is a useful and necessary augmentation of
the measurements described above. First, "still" photographs complement

the experimental schematic by providing a characterization of the physical

hardware. Second, still photographs of the flame provide a time-averaged
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view that is desirable for direct comparison to the spatial distribution of the

time-averaged mean measurements. An important corollary to the time-

averaged visualization is a documentation of the flame dynamics and scales

of turbuJent mixing. AJthough not quantitative, successive frames from a

high speed photographic sequence provides a visual indication of the

dynamics underlying the time-averaged field and the scales of turbulent

mixing, both of which are cTitical to the interpretation of a modeling data

base. Such photographs also provide a means of detecting nonturbulent

periodic disturbances that may be present in the flow field.

Conservation checks

The accuracy of structure measurements is frequently evaluated by

examining streamwise conservation of mass, momentum and mixture

fraction. Reacting flows, however, introduce considerable uncertainties in

conservation checks due to effects of density fluctuations and flow

acceleration resulting from streamwise pressure gradients arid buoyancy. In

the following, we examine these uncertainties for fast-reacting turbulent

flows.

Starner and Bilger (1981) provide information which is useful for

assessing effects of density fluctuations. Conservation of momentum and

mixture fraction are taken as examples. Common to most of the current 1

data base, we assume that the following properties are available: time-

avetaged velocities, time- or Favre-averaged mixture fractions (to cover the

limits of probe measurements and time-averaged density.

The principle term to be evaluated for momentum conservation is the

momentum flux. In terms of the variables listed above, this can be written

(Starner and Bilger, 1981)

pu(u-u) - P U(u-u) + (2 -- u,)P'U + p U'2 + PT ,2 (16)

where ue is incJuded to allow for the presence of a nonzero free-stream

velocity. Except in the few cases where density/velocity correlations are
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available, the conservation check would have to be based on the first term

on the RHS of Eq. (16). For their round-jet hydrogen/air diffusion flame,

Starner and Bilger (1981) find the use of only the first term yields an
overestimation of momentum flux of roughly 30% at a half-width location

near the tip of the flame. They indicate that the discrepancy would be even

greater near the edge of the flow.

The principle term to be evaluated for conservation of mixture

fraction is the mixture fraction flux. In terms of the variables listed earlier,

this car. be written (Starner and Bilger, 1981) as either

puf = puf + puT + upT + fp'u' - pu (17)

in terms of f, or

puf - p uf+ p 11T, + fp'u' + pu'f' (18)

in terms of 1. Once again, only the first terms on the RHS of Eqs. (17) and

5 (18) are generally available, while probe measurements yield values which

are indeterminate between them. Starner and Bilger (1981) find that use of

P 57 gives values within a few percent of the correct mixture fraction flux.

However, u f is almost four times the correct value at a comparable

location. Clearly, the indeterminate nature of the probe measurements, or

the unavailability of Favre-averaged measurements, introduces substantial

uncertainties in mixture fraction fluxes. The difficulties in momentum

conservation checks multiply when strearnwise pressure gradients or
buoyancy is a factor. Acceleration due to pressure gradients can only be

evaluated when static pressure distributions are reported, which is rarely the

case. Evaluation of these effects also requires a reasonable number of
crosesstream traverses in the range of interest. In general few traverses are
available, particularly in cases where vital density/velocity correlations are

;. reported. Finally, a momentum conservation check requires good
documentation of initial conditions, particularly any wake effects from

upstream components. Such information is only occasionally reported.
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Examination of existing data indicates that no data set has sufficient

information to provide a definitive (within 20-30%) conservation check.

Checks made by various authors are reported in the following; however, we

did not attempt to apply this normally elementary assessment to any of the

data, due to the absence of appropriate information.
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LITERATURE SEARCH

m The discussion of available experimental data is divided into three

main categories: (1) round free jets, (2) plane free shear layers, and (3) wall

boundary layers. Within each category the existing studies are organized
4! according to individual laboratories, when several studies were undertaken

by a particular research group, or in a general category where single studies
are reported.

Round free jets

Table 2 is a summarv of studies of turbulent reaction in round free

r jets at the fast-reaction limit. Most of the work involves round jets in

coflow. However, a few studies of round fuel jets in still air are also

reported. Much of this work has been carried out by research groups using a

particular apparatus for a series of studies, e. g., work at the University of

Sydney, General Electric, Sandia, and Osaka University. These studies are

grouped according to the organization at the front of the table, while

individual studies are at the back.

' Studies of round-jet hydrogen/air diffusion flames have been ongoing
by Bilger and coworkers at the University of Sydney for more than a decade.

The bulk of this work has involved round jets in a horizontal coflow using the

same apparatus; however, a few studies considered vertical upflow in nearly

stagnant air (Bilger and Beck, 1975; and Kennedy and Kent, 1979). The

combined measurements for the coflow configuration, partictlarly for u /u e
151.1/i0.1 m/s, are very extensive. This includes initial conditions;

streamwise pressure variations; mean and fluctuating velocities; mean and

fluctuating mixture fraction; mean temperatures and concentrations of

major species; density, mixture fraction and velocity cross-correlations; and

probability density functions of velocity and mixture fraction. Much of what

is currently known concerning this flame system, particularly the

hydrodynamic aspects, can be attributed to these experiments,

Nevertheless, the data base measured at the University of Sydney has

significant limitations for evaluation of turbulent reaction analysis. The
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difficulties involve the limited range of conditions tested, relatively low

Reynolds numbers, potential effects of buoyancy, and aspects of the

instrumentation. Although several operating conditions were considered,

only one condition, uj/u e = 151.1/15.1 m/s, has a full range of velocity and
scalar properties reported. This flow has an initial Reynolds number of

11200, which is lower than desirable due to the tendency toward

relaminarization in flaming regions. The authors point out the tendency for

the flame tip to rise above the axis of the injector, due to the horizontal

configuration, suggesting some influence of buoyancy on mean properties.

The findings of Dibble et al. (1984ab) suggest that effects of buoyancy on

turbulence properties are probably even more substantial. This loss of

symmetry poses increased problems of numerical closure, aside from the

obvious difficulties of adequately analysing the turbulence/buoyancy k

interaction. Except for limited eariy measurements of mean velocities using

a pitot-static probe (Kent and Bilger, 1973), most velocity measurements

were made using an LDA. The authors were careful to provide time-

averaged velocities, however, only the fuel flow was seeded; therefore,

these measurements have concentration bias. This presents significant

difficulties for evaluation of most theoretical methods in regions where

intermittency is significant. Mixture fractions were measured using Mie

scattering. Kennedy and Kent encountered problems of surface property P.

changes with this technique using titanium dioxide particles; therefore, their

measurements are questionable. Later use of aluminum ox.de particles

avoided the property change problem; however, mechanical difficulties of

maintaining uniform seeding and avoiding marker shot noise in low mixture

fraction regions introduce undesirable uncertainties- particularly for

mixture fraction fluctuations. Early probe measurements of mean species

concentrations by Kent and Bilger (1973) have indeterminate levels of

density weighting which cause significant uncertainties near the flame zone,

as noted earlier.

Studies at General Electric, by Drake and coworkers, involved a

coflowing jet apparatus, burning hydrogen/air, very similar to that used at

the University of Sydney. One difference was that apparatus dimensions 5
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were reduced by roughly a factor of two. Limitations in flame attachment

resulted in a somewhat lower maximum Reynolds number for the smaller

injector diameter, e. g., Rejmax = 8500 as opposed to 11200. Instrumentation

was improved for these measurements, however, employing Rayleigh and

Raman scattering for density and species concentrations along with LDA for

velocity measurements. Thus, the scalar property measurements avoid

uncertainties due to probes, seeding fluctuations and shot noise; therefore,

either Favre or conventional averages can be reported. Both the fuel and air

streams were -seeded; thus, problems of concentration bias were eliminated
as well. Similar to the work at Sydney, initial and boundary conditions are,

well known, with resolution of pressure ca.Pa/m. The highest Reynolds

number used, 8500, yields fewest problems with relaminarization and the

most complete measurements are available for this case. As discussed

earlier, the higher velocities and smailer injector used in these tests tend to N"

increase problems of reaching the fast-reaction limit. Departure from

equilibrium is well documented, however, and the effect of this could be

taken into account when assessing analysis at the fast-reaction limit.

Effects of buoyancy, similar to Dibble et al. (1984), are probably present in

these data due to the horizontal configuration. The smaller iniector

diameter tends to reduce the effect; however, the investigators stili note an

appreciable rise, ca 10-15 mm, of the apparent flame axis at the flame tip.

LOA measurements of velocity are limited to mean and fluctuating

streamwise velocities; therefore, the hydrodynamic properties of these

flames are not as well-documented as the University of Sydney work. These

difficulties aside, the data set appears to be valuable for development of

analysis, if not definitive evaluation.

More recent work at Sandia, by Dibble and coworkers (1984a, 1984b,

1985a, 1985b, 1985c, 1985d) also employs nonintrusive instrumentation for

hydrogen/air round jet flames in coflow. The earliest work (Driscoll, Schefer

and Dibble, 1983; Dibble, Kollman and Schefer, 1984b; Schefer and Dibble,

1985; Dibbh and Schefer, 1985d) employed a jet/duct configuration in

horizontal flow having similar dimensions to the apparatus at the University .--

of Sydney. The fuel flow, however, was diluted with argon in order to
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provide desirable mixture properties for direct measurement of mean and U

fluctuating density using Rayleigh scattering. Mean and fluctuating

velocities were measured using LDA as well as density/velocity fluctuation

correlations by combined LDA/Rayleigh scattering measurements. These

results are relativeiy complete and characterization of initial and boundary

conditions is available. However, velocity data shows a relatively large

degree of scattering and buoyancy clearly influences turbulence properties

in this flow - as noted earlier.

The most recent work at Sandia removes the buoyancy difficulties

and expands the variables measured (Dibble et al., 1984a, 1985a, 1985b,

1985c). The hydrogen/air jet diffusion flame in coflow was observed for the

vertically upward flow configuration. Thus, asymmetries due to buoyancy

were eliminated, although effects of buoyancy still influence flow properties

near the flame tip. LDA and Rayleigh scattering were used as before;

however, Raman scattering measurements were added to provide

instantaneous mixture fraction. Data are available for three injector - __

conditions yielding Rej 9000, 18000, and 27000. In addition to the S
impressive list of point measurements obtained in the flow, one-dimensional

imaging of the Rayleigh scattering laser beam was also undertaken. This

yielded instantaneous radial profiles of density at x/d 50. Radial derivatives

were obtained from these data. In our opinion, the measLrements of Dibble

et al. (1985a), 1985b) can serve for definitive evaluation of analysis at the

fast-reaction limit-subject only to some uncertainty concerning tihe degree rN.

to which this limit was approached. It is likely, however, that approach to

equilibrium is closer than the conditions considered by Drake and coworkers

(1981, 1982, 1984) since injector dimensions are larger and flow velocities

are somewhat lower.

Three studies of hydrogen/air diffusion flames have been reported by

Takaji and coworkers (1975, 1980, 1981) at the University of Osaka. A

vertical orientation with coflow was used. Measurements primarily

considered the near-injector region, x/d < 51, and included: mean and

fluctuating vc!-,ties, using a single-channel LDA; mean and fluctuating

temperatures, using a compensated thermocouple; and mean concentrations
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of major species using a sampling probe. Initial conditions and strearnwise

pressure gradients for these flows are unknown, the sampling measurements

have uncertain levels of density weighting, and the temperature fluctuation

measrements with compensation are difficult to assess. Thus, use of this

data for model evaluation is problematical, even though it is extensive.

Several other studies have been reported as well. The classical work

of Hawthorne, Weddell and Hottel (1949) is well known, but uncertainties in
these measurements and the definition of operating conditions are large by

today'! standards. The work of Takeno and Kotani (1975) was limited to flow

visualization in a study primarily considering transition to turbulence near

the exit of a jet flame. Becker and Liang (1978) measure flame lengths for

hydrogen/air and carbon monoxide/air flames; however, it is difficult to

associate flame luminousity with parameters computed by typical analysis.

Schoenung and Hanson (1982) and Razdan and Stevens (1985) provide

%. the 3nly structure measurements for carbon monoxide/air flames - both

using vertical upflow. The measurements of Razdan and Stevens are most

5, complete, involving mean and fluctuating velocities using LDA, mean

temperatures. using a thermocouple and mean concentrations of major

species using gas sampling. Initial and boundary conditions for this flow are

unknown and there are density weighting uncertainties for the sampling

p measurements. Clearly, additional work with carbon monoxide/air flames is

warranted, particularly since this reactant combination reduces problems of

differential diffusion in comparison to hydrogen/air flames.

The last studies in Table 2 involve work carried out at CalTech.

(Dahm, 1985 and Dahm and Dimotakis, 1985). These measurements

considered dilute acid/base reactions in water; therefore, effects of
property variations near the reaction sheet are small. As a result, these

results cannot test critical variable property effects on analysis. The
measurements provide extensive information on mixture fraction; however,

virtually no information is available concerning flow velocities.

"-, Clearly, the round free jet configuration has attracted many
investigators. These studies have helped to develop our understanding of

j turbulent flames at the fast-reaction limit. However, only a few have
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potential application for definitive evaluation of analysis. The recent study

of hydrogen/air flames in vertical upflow, using nonintrusive diagnostics, by

Dibble et al. (1985a, 1985b) appears to be adequate for evaluation of

analysis, although effects of buoyancy near the flame tip should be

considered. Similar measurements by Drake and coworkers (1981, 1982,

1984) are felt to be satisfactory for model development, and perhaps for

evaluation as well. However, additional study to determine the extent of

asymmetries, due to buoyancy in a horizontal flow, is warranted. _

Plane free shear layers

Table 3 is a summary of past studies of turbulent reaction in plane

free shear layers, where conditions approach the fast-reaction limit. Most of

this work was carried out at the California Institute of Technology. Two

independent studies (Batt, 1977 and Wallace, 1981) are also listed. Wallace's

investigation was closely associated with the CalTech. studies. C.,

The reacting flow studies at CalTech. were preceded by extensive

work concerning passive scalar mixing in shear layers. Gouldin and Johnston

(1985) review the passive mixing studies; only the reacting flow studies are

discussed here. Two reactant combinations were considered: () dilute

hydrogen/fluorine mixtures in nitrogen or helium, and (2) acid/base reaction

in water.

The hydrogen/fluorine studies are described by Mungal (1983),

Mungal, Dimotakis and Broadwell (1983) and Mungal, Dimotakis and

Hermanson (1984). The objective of this work was to provide a diffusion
flame sturcture with relatively small heat release, e. g., the maximum

temperature rise was less than 120 K. This causes difficulties in approach to

the fast-reaction limit, as discussed earlier. Well-known hydrogen/fluorine

kinetics were also complicated somewhat, since nitric oxide had to be added

to the fluorine-containing stream to initiate the reaction. The side walls of

the flow channel were adjusted to achieve a zero-streamwise pressure

gradient. Static pressures, however, were measured with liquid-filled

manometers whose resolution is ca. 100 kPa, at best. Thus effects of

pressure gradients at lower levels, seen in Figs. 12 and 13 from Starner and
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Bilger (1980), ar.: ix obal'y pretsnt. Relatively low Reynold.n numbers also
suggests problems with effects of transition and buoyancy. Initial conditions

for these tests -ere not measurea directly. although sufficient information
is reported for reasonatle ctimates. Finally, the data reported are

relatively limited, ccrnsistin, uf mean velocity and temperature traverses

(the former for noncomostirg conditions) at one location.

Work on hydrogen/fluorine flames is continuing at CalTech., but with

higher maximum temperatures in the flow. These experiments provide
conditions progressiveiy moving towards the variable scalar property effects
of flame environments. If more complete measurements can be conducted

for these conditions, in spite of the corrosion problems with fluorine at high
temperatures, the entire study would be a very useful source of information

for reaction in free shear layers.

The investigation of acid/base reactions in water, by Koochesfahani
(1984) and Koochesfahani and Dimotakis (1984) involves negligible changes in '>
scalar properties when reaction occurs. Thus, this experiment is more
relevant to passive scalar mixing, with the reactants primarily serving as a

I marker for the extent of mixing. Measurements defining initial and boundary
a conditions, as well as the flow structure itself, are relatively limited. Thus,

even though these results approach the fast-reaction limit, they don't really

address the issues of major interest in this review.
Wallace's (1981) study is generally similar to Mungal (1983).

Differences involve use of dilute nitric oxide/ozone as reactions and a

reduction of apparatus size by roughly a factor of two. Only weak property

variations were considered, e. g., maximum temperature changes were less
than 200 K. Problems of initial and boundary conditions, low Reynolds

numbers and buoyancy, and relatively limited structure data are similar to
Mungal (1983).

Batt's (1977) study of nitrogen tetroxide dissociation followed an
extensive study of passive scalar mixing in the same apparatus. The reaction
experiment involved dissociation of nitrogen tetroxide (in a cool wall jet) to

nitrogen dioxide upon mixing with room air. Temperature changes in the
flow were small, ca. 50K; therefore, variable property effects are not very U

r1168
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representative of flame environments. Vertical downflow in a stagnant

environment was considered, simplifying problems of specifying boundary

conditions and treating buoyancy. Initial conditions could be inferred from

the passive mixing tests, even though they are not specifically reported for

the reacting flows. The author also presents a careful evaluation of approach

to the fast-reaction limit. Data reported, however, are relatively limited, e.

g., mean and fluctuating concentrations of nitrogen dioxide. These results
were obtained with a relatively bulky probe, suggesting large measurement

uncertainties near the edge of the flow, where turbulence intensities are
• -,high in a stagnant environment.

...

All the plane free shear layer flows have significant limitations for

definitive evaluation of turbulent reaction analysis. Clearly, additional

systematic experimentation with plane free shear layers is merited -

particularly for conditions having greater energy release rates, Reynolds

numbers, and preferably in vertical upflow to simplify treating effects of
buoyancy. Such experiments will be costly, since plane flows involve

relatively large rates of reactant consumption, for adequate aspect ratios, in
comparison to round jets. The test arrangemnt used by Kremer (1967) to

study hydrocarbon diffusion flames offers advantages for experiments of this

• type, but curiously has not been used by subsequent workers.

.
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Wall boundary layers

Reasonable turbulence levels and aspect ratios in wall boundary

layers cause the greatest problems of reactant consumption; therefore,
relatively few studies have been reported for this flow at the fast-reaction

limit. This is surprising, in spite of the cost, since this configuration is

important for natural fires and solid rocket applications. Table 4 is a
summary of the two studies that could be found, both by Ueda and coworkers

(1982, 1984). Similar results are also reported by Ueda, Mizomoto and lkai

(1983).

The test arrangement of Ueda and coworkers involvved a
hydrogen/nitrogen mixture flowing from a porous plane surface. The porous . -
surface formed the bottom of an air flow channel at some distance trom the

inlet. The combined studies provide mean and fluctuating streamwise
velocities and the Reynolds stress. However, these measurements used an

LDA with particle averages; therefore, the results involve uicertain levels K',
of velocity bias. The mean temperatures are reported - th-e latter for only

the first study. The mean temperatures are not coriected for radiation;
however, sufficient information is available to make reasonable estimdtes of -
this effect. The temperature fluctuation measurements are ditficult to

'"

assess for uncertainties until more is known concerning the accuracy of this

approach in flame environments. The authors did not provide a zero
streamwise pressure gradient during their experiments, although they do
estimate the pressure gradient. The eifect was sufficient to accelerate

reaction zone velocities to values greater than the free-stream velocity.
This and wall effects present significant challenges for analysis of

turbulence in this flow.

The main difficulty with this '.onfigurati)! is that past measurements
are too sparse, really only one test condition, +o adequately test analysis.

Measurement of species concentrations would also be desirable, to assess the
approach to the fast-reaction limit and effects of differential diffusion.

Frequent crosstream traverses are also needed :o properly characterize the

flow from the leading edge of the porous plate. More experimentation for

this important flow is clearly needed.

1-
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RECOMMENDED CASES a

Developing data for evaluating analysis of turbulent reacting flow,

even at the apparently simple fast-reaction limit, represents a substantial

experimental challenge. Measurements of flow structure involve many

variables, including hydrodynamic and scalar properties, their correlations,

and their spectral properties (to ensure that systematic large-scale

perturbations are not mistaken for turbulence, as recommended by Libby et

al., 1985). Boundary and initial conditions must be known and controlled

over lengthy periods of experimentation. Large Reynolds numbers are

desirable to minimize effects of transition and buoyancy which can

complicate both analysis and interpretation of measurements. .t the same

time. requirements for flame attachment, approach to the fast-reaction

limit, and the cost of apparatus and reactants impose limitations on the

practical range of conditions available for testing. Costly nonintrusive

instrumentation is to be preferred over the use of probes, to avoid

uncertainties concerning the type of averages measured and to obtain

information on fluctuating properties which are the hallmark of turbulent

flows. Finally, a sufficient number of operating conditions, and traverses at

a given operating condition, are needed to reduce the possibility of

fortuitous agreement between predictions and measurements.

It is also essential that this information be available for several flow

geometries - even within the relatively limited class of parabolic flows. For

example, axisymmetric and plane free shear flows require different

empirical constants for many current turbulence models (Pope, 1978). The

presence of surfaces also clearly modifies turbulence structure due to low

Reynolds number effects. Practical problems involve this range of

conditions; therefore, results are needed for round jets, free plane shear

layers and wall boundary layers - at a minimum. Thus, all the difficulties for

different flow configurations, highlighted by the Stanford conferences for

turbulent fluid flow modeling, are present for reacting flows- with the

additional complications of evaluating mixing and a host of scalar

properties.

m
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Based on this perspective, it is dear that in spite of significant

progre-s in gaining a better understanding of turb'Jent fast-reacting flows,

based on the studies discussed here, we are far ir , the experimental goal

of providing an adequate data base for the evaluation of analysis. Work

completed thus far has provided a background to help avoid experimental

p pitfalls. We have a much better understanding of the types of averages to be

defined; effects of systematic biases; the importance of seemingly modest

changes in initial and boundary conditions; and the ubiquitous, but compiex,

effects of buoyancy on even relatively high speed flows.

Clearly, work providing a proper data base will involve careful

consideration of both hydrodynamic and chemical effects, which is the

nature of practical combusticn processes. Skills and .nterest in these

disparaze areas are rarely found in one individual; thus we agree with Libby

et al. (1985) that teams of workers will be needed to develop this data base.

, ~ The work should also be coordinated with theoreticians, so that the

,I ~sensitivity of analysis to various experimental parameters car' be

determined. Past work also suggests that a series of experiments, using anIi apparatus over an cxter)ded period of time, is needed to fully develop an

adequate range of test conditions and measured variables.

" ~-At present, only the most recent work, exclusively using nonintrusive

diagnostics, comes ciose to meeting these needs. In particular,

measuremnts by Dibble and coworkers (1984a, 1985a, 1985b, 1985c) at

Sandia are recommended at this time for evaluation of analysis at the fast-

reaction limit. The test case is summarized in Table 5. Test con(. tions

inolve hydrogen/air combustion in a round jet configuration in coflow.

_,_ Reynolds numbers are reasonably high and vertical upflow is use!,

minimizing complications due to relaminarization and buoyancy. Initial and

boundary conditions are well-defined, a range of test conditions is available,

and flow structure is reasonably defined with frequent traverses.

Experimentai uncertainties are known so that discrepancies between theory

and experirnent can be v-tionally evaluate.d. Clearly, .his work has

benefitted from the experience of these workers during earlier studies, as

well as by past work by other investiators. Data provided by Dibble and

cowoi'crs (1985a, 1985b) are sum;-naized in Appendix B-1 for use in

eva;,uatiu,, of analysis.
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Table 5

DATA SUMMARY

Flow Hydrogen/air diffusion flame

Data evaluators G. M. Faeth G. S. Samuelson

Gases Dibble et al (1984a, b, 1985a b, c)

Geometry Round hydrogen jet in coflowing air. Re z 9,000 18,000,
27,000.Jet velocity 75, 150 225, m/sec. air veioc, 2 m/sc. 

Mean quantities measured

us V) p, equilibrium temperatures, concentration of species.

Turbulence quantities measured

u', v', r ', intermittency, flatness and skewings

Notes

LDV, Rayleigh and Rarran scatteri . used. Vertical flame, initial
conditions measured.

1.
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Complementary work by Drake (1984) i5 also reccmmended for

development of analysis. These tests, summarized in Table 6, also involve a

hydrogen/air diffusion flame in the round-jet coflow configuration. However,

the measurements involve several difficulties, as follows: Reynolds numbers

are relatively low (Rej = 8500); the flow was horizontal, suggesting loss of

symmetry of at least turbulence properties due to buoyancy; the scale of the

experiments is relatively small (d = 3 mm), so that approach to the fast-

reaction limit is marginal over much of the flow field; and velocity

measurements and velocity/scalar correlations are relatively incomplete.

While recognizing these problems, it is still felt that the measurements

provide a useful extension of the range of conditions for which data are
available; therefore, these results are summarized 'n Appendix B-2 for use in
development of analysis.
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ADDITIONAL DATA NEEDS

Additional work is clearly needed. Experiments using carbon

monoxide/air should be considered, since these reactants offer application of

nonintrusive diagnostics similar to hydrogen/air, but are less influenced by

low Reynolds number and differential diffusion difficulties. While data is

still needed for the round jet configuration, greater attention should be
given to plane shear layers and wall boundary layers than in the past. '

Data obtained using probes involves unacceptable uncertainties for

definitive evaluation of analysis, except for routine monitoring applications.

Only nonintrusive measurements should be seriously considered for

benchmark experiments.

Finally, this effort has demonstrated the need for a format for the

documentation of a data base. A format for data base documentation is

presented in Appendix B-3. The format reflects the issues presented in the

p~escit chdpier with respect to the use of a data base for modeling

development, verification, and general application. An example of the use of

this format is provided in Appendix B-I. The Sandia data (Dibble et al.,
0985a, 19851-) were compiled dw ing the period that the format requirements "
evolved. As a result, Sandia was asked to provide the additional information

(and, in some cases, make the additional measurements) necessary to fulfill

the requrements of the format.
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Table 6

DATA SUMMARY

Fiow Hydrogen/air diffusion flame

Data evaluators G. M. Faeth G. S. Samuelson

Case Drake (1984)

Geometry Round hydrogen jet in cof lowing air; Re 8,500, exit jet
diameter 3 rm.

Mean quantities measured

u, p, T and concentration H2 , H20, N2 and 2 2 -

Turbulence quantities measured

u', TV, p', skewness and flatness of mixture fractions.

Notes

LDV, Raman arid saturated fluorescence used. Horizontal flow.
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iCHAPTER 4

SLOW CHEMISTRY NONPREMIXED FLOWS

M. C. Drake and W. Kollmann

LITERATURE SEARCH

Introduction

Turbulent reacting flows that exhibit measurable effects of finite-

rate chemistry can be classified in two groups: flows with strongly

exothermic reactions (combustion flows) and flows with reactions that show

only weak exo- or endothermic effects. The first group is characterized by

strong interaction of scalar and velocity fields via the fluctuating density,

whereas the second group can be considered as constant density flows unless

the participants have large differences in their molecular weight. A second

classification within the general class of parabolic turbulent flows can be

set up according to the gcometrical properties of the mear, flow field (i.e.,

plane mixing layers and axisymmetric jets). The present literature survey

will follow this classification.

The survey of the existing literature included articles in journals,

%. conference proceedings, and research reports. The criteria for selection as

laid out at tne beginning of this report were significantly relaxed for the

inclusion in this survey because of the difficulties of measurements in

turbulent reacting flows and the relative scarcity of data. The flows

considered here are turbulent shear flows with non-premixed chemical

reactions such that the chemical reaction rates are not much faster than

mixing rates. The chemical reactions are, therefore, consideret slow, if one

of the mean thermodynamic variables (density and temperature) or one of

the mean values of the stable components of the reacting mixture show

measurable departure from chemical equiliPrium. Since there is, in most

cases, no direct experimental evidence of nonequilibrium effects,

comparison with equilibrium or nonequilibri',m calculations (; availab,:) or

estimates for mean reaction rates were used as indicators of slow reactions.
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Mixing layers

Mixing layers have played a speciai role in turbuience research for

several reasons. The discovery of persistent large vortical structures and

the investigation of their dynamics by Brown and Roshko and their

coworkers [Breidenthal (1979), Breidenthal (981), Brown and Roshko (1974),

Konrad (1976), Koochesfahani (1984), Mungal (1983), Rebello (1973)] changed

the accepted view of turbulence. A second reason is that mixing layers
allow the maintenance of high levels of density fluctuations without heat

release due to chemical reactions and, furthermore, the initial region of jets

consists of mixing layers. Measurements in mixing layers with chemical I

reactions are, however, not numerous.

First, mixing layers in liquids are reviewed. The flows reviewed are

shown in Table I. Breidenthal (1973, 1981) used a water tunnel to create a

plane mixing layer reaching the Reynolds number Re = 10 based on velocity
difference and vorticity thickness 6 =,'U/(au/by) One of the streams

max'
was diluted with small amounts of phenolphthalein and the other stream with

sodium hydroxide. They react in a compiex series of steps to form a red

product which was used for visualization studies and selected quantitative

measurements. The reaction was, under the given conditions, diffusion

limited and, therefore, too fast to yield information on finite-rate

chemistry. Bousgarbies and Neroult (1983) added ammonium hydroxide to

one of the water streams and acetic acid to the other (high speed) stream

upstream of the end of the splitter plate. The velocity ratio was 0.5 and

0.75 and the Reynolds number at their last measurement station was about

300 (based on velocity difference and their reported thickness). The

turbulence level in the freestreams was high at about 10%. Their results

must be considered unsuitable for comparison with computational methods

based on high Re-numbers due to the low value for the Re-number. The

thesis of Koochesfahani (1984) continues the mLxing layer research at

Caitech with measurements in a water tunnel using an acid-base reaction

between -uifuric acid (H 2 S0 4 ) and sodium hydroxide (NaOH) to produce a

fluorescing product suitable for laser induced fluorescence. The reaction is,

again, diffusion controlled and not appropriate for the study of the M
interaction between turbulence and chemical kinetics.
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V.

The second group of mixing layers contain chemical reactions in the
gaseous phase. The air mixing layer investigated by Alber and Batt (1976)

and Batt (1977) is seeded at the high speed and low tempere~ure side with
N20 4 which reacts with the N2 in air to form NO 2 according to

N2 + N 204  2 N0 2 + N 2

Measurements of NO2 (mean and variance of concentration) were performed
using a fiber-optics probe. The results indicate the influence of chemical

kinetics on the mean profile for [NO2 lat the lowest temperature (T = 252 K)

in the seeded high-speed stream. Calculations of Janicka and Kollmann

(197S) with a two-equation t... u'ilence model and chemical kinetics in terms
of source terms expanded as faylor series around the mean state confirm a
moderate effect of chemical kinetics on the measured concentration

profiles. The experimental information for the reacting case is, however,
too limited for an extensive comparison with advanced closure schemes.
Konrad's (1976) work on a mixing layer was confined to diffusion-controlled

reaction and must be eliminated for this reason. Sherikar and Chevray (1981)

considered two different reactions in the gaseous phase:

U NH+3 HC J, NH CIII

which is fast and its product forms a dense white fume at room temperature
suitable for flow visualization studies. The second reaction is

7 NO +0 3 NO 2 + 0 2 +hv

which is also diffusion limited at room temperature. This case is, therefore,

not suitable for finite-rate chemistry effects under the conditions suggested

by Sherikar and Chevray (1981). Wallace uses the same nitric oxide reaction
.*1

as Sherikar and Chevray (1981) in a temperature range from room
temperature to 200 C in a mixing layer flow with Re-number up to 5 x 10u.
Their results show also that the reaction is essentially diffusio,. limited

194

7 , .



WI

under the conditions considered. Mungal's (1983) mixing layer work Is based

on the reaction of H2 with F2

H2 + F2  2HF

in highly diluted form in order to keep the adiabatic flame temperature rise

below 165 K. The reaction is fast but addition of small amounts of NO (3.

Broadwell, private communication 1985) allow slowing of the reactions. No

results are available for this case, however. Extensive measurements,

including first and second order moments in a plane mixing layer with the

nitric oxide-ozone reaction were made by Masutani (1985). The Re-number

(based on velocity difference and vorticity thickness) is, however, low (less

than 3000) aiid the reaction is essentially diffusion limited.

Jet flows

The experimental study of turbulent round jet diffusion flames dates

from the classic work of Hawthorne et al. (949). Since then, many other

researchers have explored this combustion configuration. Attention in this

section is restricted to nonswirling diffusion flames with gaseous fuels which

show marked slow chemistry effects. The flows reviewed are shown in Table

2.

Hydrogen flames

Flames fueled with pure hydrogen can be considered diffusion limited

in good approximation. For example, temperature and concentration of

stable components can be predicted with good accuracy using an infinitely

fast global reaction step. Departures from the classical "fast chemistry" or

equilibrium assumption in typical laboratory H2 -air turbulent diffusion

flames have been predicted using a perturbation analysis [Biiger (1980)]or a

two-scalar pdf approach [Janicka and Kollman (1979), (1982) 1. Finite rate

chemistry effects due to superequilibrium radical formation are predicted by

Drake, Bilger and Starner (1982) to lower mean temperatures by only 40K at

x/d with 50 in an Re = 8500 H2 flame. Comparable effects were calculated
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by Dibble, Kollmann and Schefer (1984) in an Ar/H 2 jet flame at Re = 24,000.

Foe this reason hydrogen flames are not taken into account as appropriate

test cases for turbulent flows with slow chemistry.

However, finite rate chemistry processes are evident in H2 jet flames

when more sensitive indicators of nonequilibrium (i.e., conditionally

averaged temperaturz measurements of concentrations of radical species)

are considered. When instantaneous simultaneous measurements of mixture

fraction and temperature using pulsed Raman scattering are conditionally

averaged in mixture fraction intervals, the maximum measured flame

temperatures equal the adizbatic flame temperature far downstream

(x/d > = 100) in the flame Drake, Pitz and Lapp (1984a)!. However, closer to

the fuel nozzle, the conditionally averaged maximum temperature is much

smaller (by as much as 270 K at x/d = 10). This trend is qualitatively

consistent with the model predictions [Bilger (1980), Janicka and Kollman

(1979), 0982), and Dibble, et al (1984)] which suggest that the amount of

superequilibriurn should be 'argest close to the nozzle and decrease fu thr

downstream. Using a partial equilibrium thermodynamic calculation[ Drake

et al. (1984c)], a temperature decrem -nt (Tg, T-) of 270 K corresponds to an

average OH concentation for a stoichometric M. -air mixture which is =,2.5

times its equilibrium value. Such large superequilibrium OH concentrations
have been measured directly in the same H2 flames using single pulse OH

laser saturated fluorescence (Drake, et al (1984c)].

Hydrogen flames have also been used as a test bed for investigatio."
of other turbulence-chemical kinetic interactions. For example, many of

the experimental studies of turbulent H2 diffusion flames have focused on
NO formativn. Lavoie and Schlader (1974) have measured concentration

profiles of H2 , N2 , 02 and NO using probe sampling with gas chromatographic
and chemiluminiscent analyses. Peters and Donnerhack (1981) determined

and correlated exhaust NO emissions from jet flames over a range of

Reynolds and Froude numbers. Takagi et al. (1974) expanded the range of
variables measured to include more species concentrations, temperature by

thermocouples, and velocity by pitot tubes and explored the effects on NO
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fornation of heating the inlet air or adding N2 to the fuel. Kent and Bilger

(1977) and Bilger and Beck (1975) also investigated thermal NO formation in

turbulent H2 jet flames. Many discrepancies exist between these

experiments. Two water-cooled stainless steel probes on the same flame by

Bilger and Beck (1975) and Kent and Bilger (1977) gave quite different results

for unexplained reasons, and both probes unexpectedly indicated peak NO

formation in rich flame zones. Lavoie and Schlader (1974), using quartz

probes, found peak NO formation near stoichiometric flame zones and

reported overall NO levels very different from Bilger and Beck (1975) for

similar flames. The results of Peters and Donnerhack (!981) for NO

a.; emissions, particularly after normalization for Froude and Reynolds number

effects, are in agreernen. with Lavoie and Schlader (1984) vhile Bilger's

(1975) results are low by a factor of -2 or 3. Unfortunately, with thes |

discrepancies no definitive conclusions can be drawn from the literature

about the effects of turbulence on thermal NO formation even in H2 flames.
r2

However, Lavoie and Schlader (1974) and Takagi et al (1974) suggest that

superequilibrium 0 atom concentrations must be Important Iln theri;al NO

formation while Peters and Donnerhack (1981) and Broadwell (1982) suggest

that large-scale structures and not superequilibriurn are dominant influences

i. in thermal NO formation.

In other studies, Page, Roberts and Williams (1974) injected a se.ries of
I additives into their H2-N 2 diffusion flame to study slow recombination

reactions ot ions such as In+ and 1-130+. Their measurements cover mainly

auto-correlation coefficients in time of additive and ion concentrations. For

all experiments described here the finite rate chemistry effects

p (superequilibrium, thermal NO formation, and ion recombination) in H2

flames do not appreciably change mean den.sitties or temperatures. For

these effects, carbon monoxide or hydrocarbon fuels have been studied.

Carbon monoxide flames
Experiments or, turbulent jet flames containing CO are summarized.

Many of the studies [Hawthorne et al. (1949), Peters and Donnerhack (1981),
and Takagi et al. (1976)3are extensions of studies of turbulent IHI2 jet flarnes
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described previously with similar quantities measured, techniques used, and

results obtained. Becker and Liang (1978) measured flame length and

thermal emission from a H2 stabilized CO free jet flame and Schoenung and

Hanson (1982) applied CO absorption of diode lasers to measure pdf's and

power spectra very near the nozzle of a CO jet with and without combustion.

Two studies in the literature chat provide reasonably complete

characterizations of CO-containing jet flames are those of Razdan and

Stevens (1983), (1983) and Drake et al. (1984a), Lapp et al. (1983) and Correa

et al. (1984). Razdan and Stevens studied a CO jet (with 3% by volume H2)

with an average velocity :f 35.7 m/s issuing vertically from a 5 mm

diameter nozzle into a coilowing (v = 0.13 m/s) air stream. No pilot .,ame

stabilization was required. Average temperatures were measured by

thermocouples and average concentrations of 02, CO, and CO 2 by probe

sampling and conventional gas analysis. Mean and fluctuating axial velocities . ,

were determined by LV. The authors claim reasonable agreement with a

turbulent combuztion calculation with a chemistry model based upI)M, a.

laminar flamelet calculation and a global CO reaction rate. However, large

differences are observed at some locations where the measured average

temperature is lower than that predicted by as much a5 500 K and the mass
fraction of C0 is lower and the mass fractions of CO and 02 higher than

predicted. These differences between experiment and model are consistent

with finite tate CO kinetics, but could also be caused by the effect of

turbulent fluctuations, or by the neglect of buoyancy, radiation loss and

Intermittency. Conclusion3 about the influence of turbulence-chernistry

Interactions involving the finite rate oxidation of CO are still somewhat

speculative.

Drake et al (1984a), Lapp et al (1103) and Correa et al (1984) studied a

turbulent Jet diffusion flame in a coflowing air stream with a simulated

medium B3TU syngim (39.7% CO, 29.7% N2, 29.9% H2 and 0.7% CH 4 by

volume) fuel.This data set was chosen as a test case because initial *.

conditions are provided; no pilot flame stabilization was necessary;

,xtensive time-resolved measurements (means, rms values and pdf's) of

velocity, mixture fraction, density, temperature and molecular species (CO,

2.
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H2, H2 0, N2 , 02) concentrations are available using nonperturbing laser-
' based diagnostic techniques; OH radical concentrations are determined

directly by laser saturated fluorescence; and experimental results have been .

compared with turbuler.t combustion models. Large effects attributed to

finite rate chemistry effects are observed (i.e., mean OH concentrations are

several times larger than equilibrium and measured mean temperature are as

much as 250 K below equilibrium). However, this is certainly not an ideal

case because of uncertainties in molecular compositions since CO2 was not

measured directly, unquantified temperature measurement accuracy, the

possibility of preferential diffusion of hydrogen, and the relatively low value
of the Reynolds number (Re = 8500). Data and detailed descriotion of this

case are presented in the section on RECOMMENDED CASES.

Hydrocarbon flames

Experiments on turbulent hydrocarbon (methane and propane) flames

are summarized. As in H2 and CO flames, some of the studies are designed

to elucidate one specific aspect of turbulent flames and thus involve a U
rather limited characterization of even average scalar values. For CH 4

flames, this includes work on ;et flame structure b>'Hawthorne et al. (1949)1,
on NO emission levels by[Peters and Donnerhack (1981) and Takagi et al.
(1974), (1976), (1980), (!98lJ ,on radiation and soot formation by[Becker and

Liang (1978)j,and on temperature by [Roberts and Moss (1981)] and

concentration fluctuations by[Ebrahimi and Kleine (1976)].Studies designed

for compari!on with turbulent combustion models include a more complete

description of at least average values of important scalars and are

summarized briefly.

Chigier and Strokin (1974) obtained mean temperature (thermocouple)

and dynamic head (quartz probe) in a CH 4-air diffusion flame for Re = 6600.

Gas samples were analyzed in a gas chromatograph and results for unreacted

V species concentration were reported.

V Roberts and Moss (1981) discuss the interpretation of temperature

fluctuations in an open CH 4 -diffusion flame (Re = 9200) in terms of the

wrinkled laminar flame theory. The experimental results reported include

20
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temperature measurements (average and rms values and pdf's) at two

positions (x/D = 40, 60).

Lewis and Smoot (1981) used thermocouples, and gas chromatographic

analysis of probe samples to measure average values of temperature and

major species concentrations in a turbulent natural gas flame burning in a

cylindrical combustor. Some argon was added to the fuel and its

concentration provided direct values of mixture fraction. The concentration

of water was obtained from an H atom balance. The variability of initial

conditions and the accuracy, reproducibility, and self -consistency of the data

were quantitatively analyzed in this careful study. Unfortunately, no

velocity data are reported and the geometry of the combustor indicates that

non-parabolic flow is likely.

Lockwood and co-workers have investigated a free natural gas jet

flame using thermocouples, probe sampling, and laser velocimetry. .El-

Bannawy et al. (1983)1 report mean velocity and u'2 and unburned

hydrocarbons for a natural (U.K.) gas flame along the centerline for

Re = 15000 - 30000. Since only the initial jet flow was seeded with particles,

velocities could be obtained only in fully turbulent regions of the flow [ E-

Banhawy et al. (1983)]. The measured temperature statistics (pdf's and

moments of the distribution) are reported in great detail in Lockwood and

Moneib (1982) using fine wire thermocouples.

Gunther and co-workers have investigated a natural gas jet flame into

still air (Re = 37000) r Lenz and Gunther (1980 and Gunther (1981)] using

probes for average scalar values and fine wire thermocouples for pdfl's,

power spectra and fluctuation values for temperature. Results are in good
agreement with a k-c turbulence model and a laminar flamelet combustion

model [Eickhoff (1982)]. Similar experiments in a confined natural gas jet

flame in a coflowing air stream by Gunther and Wittmer (1981) used LDV,

thermocouple and ionization probe to measure mean velocity u, normal

stress u , shear stress u'v' and mean tempeature, temperature variance,

temperature flux u' and ionization macroscale. The Re-number was 24000

and axial and radial profiles for x/D = 10, 60 were reported. Measurements

were compared with nonreacting flow and length scales interpreted in terms
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of flat flame sheets oriented parailel to the main flow direction Ahlheim
and Gunther (1979) and Gunther (1981).

Extensive experimental measurements on turbulent CH 4 jet flames

have been reported by Faeth and co-workers. Only the work of 3eng, Chen
and Faeth (1982a), (1982b) and Jeng (1984) on buoyant, axisymmetric,

turbulent jet diffusion flames of CH into still air is discussed here since it
supersedes earlier work by You and Faeth (1982) due to improvements in

initial condition measurements and reduction of room air disturbances and
transitional and elliptic flow near the nozzle. The natural gas fuel (95%
methane) flowed from a cooled 5 mm diameter nozzle into still air inside a
large screened enclosure to minimize disturbances. The flames were

stabilized at the burner exit by a small flow of hydrogen from an angular

slot and the jet Reynolds number was varied from 2920 xo 11,700.

Initial conditions were measured and detailed measurements
throughout the flame zone include mean and rms values of axial and radial

velocity and Reynolds stress using LV, mean temperatures using radiation-

corrected silica-coated fine wire thermocouples, mean major species
concentrations using gas chromatographic analysis of isokinetically drawn

samples, and radiant heat flux by a heat flux transducer.

This data set was chosen as a test case because of the relative
completeness of the velocity and scaar measurements and because of the

puL,.shed comparisons between measurements and equilibrium and
nonequilibrium combustion models which suggests the presence of some
finite chemistry effects. Details are presented in the RECOMMENDED

CASES section.

Cernansky and Sawyer (1974) measured mean temperature and
composition (C3 H8 , H20, 02, CO, C0 2 , NO, N0 2) in a C3 Hs-diffusion flame.
The flame had a mild swirl, but no velocity measurements were included.

Research on spray combustion frequently includes measurements on propane

gas flames as in Onuma and Ogasawara (1974), (1977) and Mao, et al (1980).

I,-3ults for a propane flame at Re = 23600 are reported by Mao et al
covering velocity (mean velocity and shear stress measured with LDV),
temperature (mean measured with thermocouple) ana composition fields
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(mass fractions for N2, 02, H2 , H20, CO, C3H8 , C0 2 measured with gas

chromatograph). Takagi et al (1974) and Takagi et al (1976) studied NO-
formation in propane and CO+H 2 flames. They added NO or NH3 to the fuel

and report measurements of NO, HCH, NH 3 concentrations along the axis

and at two stations (x/D ! 50, 100). Peters and Donnerhack (1981)

natural gas and CO/10% H2 fuels) over a range of Froude and Reynolds

numbers. :

Jeng, Chen and Faeth (1982a) investigated free propane diffusion

flames at Re = 5890, 11780 and 23560 in the same apparatus as described for

their CH4 flames. However, mean species concentration profLies have not

been published on the propane flames which makes assessment of chemical

kinetic effects difficult.
The data set selected from the propane jet flames studied is that of -:

Godoy (1982) on a vertically burning, pilot flame stabilized flame into still

air. It is described in detail in the following section and was chosen because

of its extensive composition measurements, its high Reynolds number (Red =
42,700), and the demonstrated chemical nonequilibrium detected (i.e., the

mole fraction of carbon monoxide was found to be smaller by a factor of

three than the corresponding values at chemical equilibrium). Major

deficiencies are the lack of velocity data and of fluctuation data for all

scalars.

U'a..
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RECOMMENDED CASES I
Since none of the reviewed papers contains a test case satisfying all

the criteria for selection, a combination of flows is considered as the best

available case. Data from three round jet diffusion flames are presented forthis purpose.%

i" Syngas/air flame -

The first test case is summarized in Table 3 and the data are

tabulated in Appendix C. This set of experiments was selected for the

following reasons:

- Initial conditions are well documented.

Velocity and scalar pdf's are measured at many radial locations

for three radial positions.

- iConcentrations of radical species (OH) and of NO are available.

Non-intrusive diagnostics are used for most of the reported

measurements. g
Experimental evidence for substantial chemical nonequilibrium

is available through published comparisons with models.

There are some disadvantages, however. The Re-number (Re = 8500)

is rather low, and the high initial H2 concentration may lead to preferential

diffusion complications. Only one of the four Reynolds-stress components

was measured, and no scalar-fluxes are available. Carbon dioxide

concentrations were not determined directly and uncertainties in

temperature and molecular composition are difficult to quantify.

Experimental set-up and test conditions

The configuration for this turbulent jet diffusion flame consists of a

central jet of fuel surrounded by a co-flowing stream of air. The details of

the set-up are given in Fig. 1. The main part of the apparatus is the

turbulent jet diffusion flame combustor section. The combustor section is a

rectangular tunnel with the round fuel pipe in the center. It has large
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Table 3

DATA SUMMARY

Flow Coaxial fuel jet with coflowing air

Data evaluator Kollmann

Case Lapp, Drake, Correa et al (1983, 1984,1984a) .

Geometry Round jet diffusion flameV,

dp/dx 0

Re _ 8,500

Mean quantities measured

P U, 1, concentration of radical species at three axial and several

radial positions

Turbulence quantities measured

Probability density functions of u, T, Yi' f, f, p at three axial

and several radial positions.

Notes

Initial conditions measured, Horizontal tunnel
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optical windows that allow access with little optical distortion for laser m
diagnostic techniques, access ports for measurements requiring solid probes,

and three dimensions of translational motion for flame profile studies with

fixed bed optics. The relevant features of the combustor are summarized in

Lapp et al. (1983).

The initial conditions are summarized in Table 4. The initial mole

ratios of the fuel were obtained by flowing each constituent (obtained from

industrial grade bottled gas) through calibrated critical flow orifices. The

average cold flow velocity of the fuel through the fuel tube was 54.6 m/s

resulting in a Reynolds number of 8500. The air velocity, controlled by a

servo-control on the exhaust fan, was 2.4 m/s. The Reynolds number and

jet-to-air velocity ratio were chosen to match those of an H2/air flame

described earlier.

The initial velocity profile was measured one millimeter from the jet

nozzle by laser veiocirnetry and is shown in Fig. 2. The peak measured

centerline velocity of 68 m/s is consistent with the turbulent .pipe flow

theory (W 1 .281ij). 5
The axial pressure gradient along the test zone was determined by

measuring the axial velocity in the free stream (y = 50 mm). The measured L
free stream velocity increase is 0.35 m/s per meter of tunnel distance which

indicates a negligibly small pressure gradient of -1.0 Pa/m.

Diagnostic methods

Measurements within the turbulent flame zones were made with

nonperturbing optical diagnostics with high spatial and temporal resolution.

Axial velocity measurements were made with a dual beam, real fringe laser

velocimeter. The output of an argon ion laser tuned to the 488 mm line was

spiit into two beams with a 50 mm separation. The two beams were focused

by a 250 mm focal length lens and directed vertically into the combustion

tunnel. The light scattered at right angles from the incident laser was

analyzed with a commerical period counter. The dimensions of the laser

probe volume were 0.08 x 0.08 x 0.3 mm. Both the fuel and air streams were

seeded with nominal one micron diameter alumina particles to minimize
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Table 4.

SY1NGAS/AIR FLAME

Fuel Gas Composition. 29.9% H:
,,," t) 29.1 Ni

39.1 Co
0.7 CH.

Re- IS0O - 3-1e

r, -- 9.6 1 0 4.6 m/s

- 22.1 V. - 2.4 mis

- 0.835 KI/m'
('\ .~---0.7o Ib - 120 KgI/n'

p210

ip
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Initial vCofles [Papp et al (1983)] 
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sampling biases.
Temperature, concentrations of H2 , O2, N2, CO and H20, density and

mixture fraction were simultareously measured using pulsed Raman

scattering. Temperature was determined from the Raman data by two

methods (rationing the intensities of Stokes and anti-Stokes vibrational

tRaman scattering from N2 molecules and from the sum of al molecular

concentrations measured by Stokes Raman intensities assuming the ideal gas
, law). The concentration of CO 2 was calculated assuming that the atomic
0* 2

ratios of carbon and hydrogen was invariant throughout the flame and equal

to the carbon-to-hydrogen ratio in the fuel. The Raman signals were

calibrated by measurements of room temperature gases and of laminar

H2/air premixed flames of known composition and temperature.

The Raman system has a temporal resolution of 21us (limited by the

laser pulse length), a spatial resolution of 0.3 x 0.3 x 0.7 mm, and a data
r%

acquisition rate of I pps. Repetitively pulsing the laser at a given flame

location permits measurement of means and rms values and probability

density functions of each variable measured. Absolute concentrations of OH

molecules are reported with a temporal resolution of 2 ns and a spatial

resolution of 0.1 mm3 using single pulse laser saturated fluorescence.

Finally, NO and NOx were determined by uncooled quartz probe

extraction and chemiluminescent detection. Only measurements far
' .'. downstream at the flame zone are reported where pr-obe sampling errors are

believed to be small [Drake et al. (1984a)].

Accuracy

The accuracy of the Raman scattering measurements was evaluated

tb- in H -a'r flames to be 4T + 50 K for temperature and LX-+ 1% for mo~e
fractions. For the syngas flame the use of the ratio of anti-Stokes to Stokes

N2 vibrational intensities to determine temperature was complicated by CO2

chemiluminescence so the temperature accuracy is reduced. For example,

the two methods of calculating temperature from the Raman data give
values in agreement (within 50K) at temperatures less than ~ 1200 K.
However, at higher temperatures, the calculated values can differ by as
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much as 200 K with the Stokes/anti-Stokes method always giving higher

temperature values. The determination of CO 2 concentration suffered from
an additional difficulty, because the CO 2 vibrational Raman contour is

complicated because of Fermi resonance interactions between the

vibrational modes. The CO 2 concentration was determined by a relationship

that assumes that the atomic ratios of carbon and hydrogen are invarient
throughout the flame and are equal to the carbon-to-hydrogen ratio in the

fuel. Thus, differential diffusion of H is negiected which is a small effect in

H2 jet diffusion flames at Re = 8500 and is expected to be small in this

syngas flame as well. In addition, the vibrational Raman contours of N2 and
CO and CO, and 0 2 overlap at high te.mperatures. Although the data "

analysis procedures accounted for these overlaps, the experimental accuracy

could be decreased. Work is continuing to reduce systematic errors in Raman
measurements of temperature and CO 2 concentrations.

Published comparisons with model calculations
The data have been compared with model calculations to identify

finite-rate chemistry effects [Lapp et al. (1983) and Correa et al (1984)].

Results from an adiabatic equilibrium calculation for this f el are shown in

Figs. 3 and 4. A scatter plot of simultaneously determined (from single-

laser-shot measurements) temperature and N2 mole fraction are shown in p
Fig. 5. The measured peak temperatures are considerably below the

calculated adiabatic equilibrium temperatures (shown as the solid curve in

Fig. 5).

The data have been compared with a k I turbulence model with two
different chemistry models (a one-scalar model assuming chemical .
equilibrium and a two-scalar non-equilibrium model [Correa et ai. (1984].

Experiment/model comparisons of radial profiles ot mean temperature

[ calculated by the Stokes/anti-Stokes method] (Fig. 6) and mean OH
concentration (Fig. 7) demonstrate that nonequilibrium (finite rate
chemistry) processes lower the mean temperature by more than 250 K and
raise the mean OH concentration by a factor of 4 at this flame location.
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Thrmchamical data (from Ref. 129]
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Natural gas/air jet flame

The second test case is summarized in Table 5 and was selected for

thefollowing reasons: C

- Well documented initial condition

- Extensive measurements of mean and fluctuations of all

three velocity components and u'v' or
- Extensive mass fraction measurements of ail major species

by isokinetic probe sampling and GC '-

- Detailed error aalysis
- Comparisons with partial equilibrium or laminar flamelet

models indicate substantial finite rate chemistry effects.

The limitations of this data set are the relatively low Reynolds

number of the flow and the lack of fluctuation measurement of mixture

fraction and species concentrations.

Experimental setup and test conditions I
The setup for this free jet of methane into still air is shown in Fig. 8.

The burner was directed upward inside a screened 1.1 m x 1.2 m x 2.7 m

enclosure to minimize the effects of room disturbances, and both the burner

and enclosure were translated duning measurements. The brass burner, shown

in detail in Fig. 9, was designed to give a uniform velocity profile. Initial

conditions and fuel composites are summarized in Table 6. Although three

flames were studied, the flame with the highest Reynolds number (11,700) has

been chosen as the most appropriate test case. The natural gas velocity

measured at the burner exit was 49.8 m/s and the typical composi ' (94.9%

CH4 , 3.8% methane) is given in eng (1984). The natural gas !la', was

stabilized by a small annular H2 flow (vol. flow rate H2 /vol. flow rate nat.

gas = 0.15) and the burner was maintained at room temperature by water

cooling.
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Table 5

DATA SUMMARY

Flow Fuel jet into still1 air

Data evaluation Drake

Case Jeng, Chen and Faeth (1982a,b) and Jeng (1984)N-

Geometry Pound jet diffusion flamne (Natural gas, 95% CH 4 ) screened enclosure

1.1 m x.1 m x 2.7 m. Re = 11700 d =0.005 m.

u,v, T, mass fraction at all major species is at several axial and

Pd..

radial locations

Turbulence quantities measured

ul ', w' at several axial and radial locations

Notes

SLDV, coated thermocouple used. Initial conditions measured.

Vertical flame, screened enclosure, H stabilized

(I..
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Figure 9. Sketch of the metlhane burner assembly.
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Diagnostic measurements

Mean and fluctuating velocities were measured with a frequency-

shilted laser velocimeter with a spatial resolution of 0.12 x 0.10 mm close to

the nozzle and 0.72 x 0.24 mmr at x/d >= 30. Both fuel and air were seeded

to minimize samphng bias.

Mean temperatures were measured with Pt/Pt-10% Rh thermocouples

(225 mn junction), coated to avoid catalytic effects and corrected for radiant

heat losses. Both total and spectrally resolved radiant heat fluxes from the

flame were measured. Mean concentrations of major flame species were

obtained by isokinetic sampling from a water cooled 2 mm internal bore

stainless steel probe.

Accuracyz

The accuracy of this data set is described in detail in Jeng (1984). in

:.r

most regions of the flow, the errors in mean velocity and velocity

fluctuations are estimated to be of the order of 5% and 10% respectively.

Somewhat greater errors due to gradient broadenirng occur near the end of

the potential core.

The accuracy of the temperature measurements is lirnited by the

corrections due to radiation and ronduction. The largest radiation

correction was 160 K and the uncertainty in this correction was estimated to

be no better than 5% of the total correction.

Calibration experiments by You and Faeth (1982) indicate variations

in gas sampling rates within 50% of the local mean velocity had little

influence on the composition measurements.

The reproducibility of measurements was tested by independent

measurements taken over a several month period. Mean velocities, velocity

fluctuations and mean temperatures were repeatable to within 5%, 10% and

40 K, respectively. The repeatability of mean composition is expected to be

15%, based upon that found by You arid Faeth (1982) using similar

techniques.
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Published comparisons with model calculations

The natural gas flame data have been compared with a kC g

turbulence model using two different chemistry submodels [Jeng et al.

(1982b) and Jeng (1984))]. A partial equilibrium submodel assumed that

chemical equilibrium exists at all equivalence ratios between 0 and some

critical fuel/air equivalence ratio ep > ;i. The value of vc was determined to

be 1.2 by comparison (as in Fig. 10) of calculated and experimentally

measured CO mass fractions in laminar methane diffusion flames. The

second chemistry submodel assumes that turbulent flames are a coilection of
laminar flamelets and that the thermodynamic state relationships are the V.
same as those experimentally measured in laminar methane -diffusion flames.

Both approaches give similar results for temperature and major species

concentration in laminar CH. flames (see Fig. I1). Both approaches are in

reasonable agreement with the present turbulent natural gas jet diffusion

flame data (Figs. 12-14), suggesting their utility in modeling finite rate

chemistry processes in turbuient combustion. The experiment/model

discrepancies in the H2 mass fraction are believed to be caused by the H2

stabilizing flow used [Jeng (1984)).

Propane/air flame

The third set of experiments is summarized in Table 7. It

complements the other data sets in the following sense:

- High Re-number

- Extensive composition measurements

This set is, however, incomplete due to the lack of velocity data. Effects of

chemical non-equilibrium were detected. The mole fraction of carbon

monoxide were found to be smaller ( by approximately a factor of three) .

than the corresponding vaiues for chemical equilibrium.

Experimental set-up and test conditions

The set-up consisted of a burner [see Fig. 15 fron Goduy (1982)],

which produced a freely burning axisymmetric, stabilized jet dilfusion
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Table 7

DATA SUMMARY

Flow Fuel jet into still air

Data evaluator Kollman

Case Godoy, S. (1982)

Geometry Propane-air axisymmetric jet diffusion stabilized flame.
dp/dx 0 I
Re = 24,000, 31,500, 42,700

Mean quantities measured

Mole fractions of CO, CO2 , 02f unburnt hydrocarbons

Turbulence quantities measured

Notes Vertical flame, intrusive probe
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flame. The flame was directed vertically upward to avoid destruction of

symmetry of the mean fields due to buoyancy. An annular pilot hydrogen

flame was used for stabilization. The mass flow rate of the pilot flame was

kept very low compared to the propane flow rate. Most of the

measurements were taken with an intrusive probe for which a traversing

mechanism was constructed, allowing measurements up to x/D = 250.

The main data for the tests are given in Table 8. Buoyancy effects

V,. became significant for the three flames at distances greater than x/D = 80

(Re = 2.4 x 104) and x/D = 110 (Re = 4.27 x 104).

The conditions at the fuel pipe exit are known as fully developed

turbulent pipe flow. The pilot flame reaches only a length of about I cm and

its influence can be neglected for x/D > = 10. The jet flame issues into still

air and the pressure gradient is zero.

Diagnostic methods

Composition was measured by extracting samples from the flow field

using probes. The water cooled stainless steel probes had an outer diameter

of 7.5 mm and tip diameters of I mm and 2 mm. The probe tip was tapered

to reduce the disturbance of the flow field. Most of the measurements were

taken with the probe with the larger tip diameter to avoid blockage by sootIparticles. The smaller probe served for accuracy checks. The gas samples

". were removed from the flow field with sampling velocity of 10.6 m/s (small

probe) or 2.65 m/s (large probe). The sampled gas was then dried filtered to

remove soot, and fed into infrared analyzer and gas chromatograph. The

infrared analyzer yields carbon monoxide and carbon dioxide. Nitrogen and

oxygen were measured by gas chromatography. Unburned hydrocarbons were

measured with a flame ionization detector.

Accuracy

Since the measurements were done with an intrusive probe, the

e influence of the probe size and sampling velocity on the results were

checked. The change of mole fraction of stable components from the large

to the small probe was less than 5% for CO and CO2 . Mass balance checks

could not be carried out, because not all components were measured.
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Table 8. Test Data
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RECOMMENDED WORK

From the review of the available experimental data sets, it is

apparent that an ideal test case for a turbulent nonpremixed flow showing

effects of nonequilibrium chemistry has not yet appeared. However, the

three cases selected document that finite rate chemistry effects are

observable experimentally in turbulent jet diffusion flames of CO/H 2/N 2 ,

CH and C3 H8 fuels, and published experiment/modeling comparisons

demonstrate their uti!ity in testing finite-rate chemistry submodels.

The first recommendation for future work is the establishment of a

set of experiments in a CO or hydrocarbon jet flame where the initial

conditions are well known and the Reynolds number is high enough to

exclude differential diffusion and other low Reynolds number phenomena.

Extensive measurements of velocity, temperature, density and all major

species concentrations should be obtained to permit mass and elemental

balances. The data would preferably be obtained with laser-based methods

with high spatial and temporal resolution to permit the direct determination
bI of pdf's, moments, correlations, Favre and conventional averages and

conditional measurements.

Although not analyzed to the extent that it could be included in the

review of the literature, such data are becoming available from piiot-

stabilized CH 4 jet flames (Masri, Dibble and Bilger, private communication,

May 1985). Instantaneous pulsed Raman and Rayleigh measurements of

major species concentrations and temperature from this flame are

correlated in scatter plots as shown in Fig. 16. For a fully attached, stable

fHlame (v - 41 m/s; vair = 115 m/s, d = 0.0072m), a wide range of

temperatures is observed for any given mixture fraction indicating a wide

variation in reactedness, The solid lines in the figure correspond to a Burke-

Shumann model with reactedness of 0, 0.5 and 1.0 and the dotted line

corresponds to a laminar flamelet relationship in a slightly stretched ( 10

sec- 1 ) CH4 counterflow diffusion flame.

i4

236

= -l r. . . - -- . t .



I

"a Is. all

25 ew*I is P () t1, L- i.

as *t so
- - ---- ---. . ,.

" " / [.'.. . I . ,

r. J>- i... , .. .. ' -, ,,\ .

- .. : -/_. ...
* * *I

Im- '.

.F . . . .. .. ... .a
,. ,. ,. . ,y.."! ! ! '. , !

Fig. 16. Comparison of mixture fraction vs. temperature in a

pilot flame stabilized CH 4 Jec diffusion flame from

Masri, Dibble and Bilger (private communication),

' "

237

; .. ..... . .. I " ... . . ... . . .. ... . . . . . . . . .



I

Further recommendations for future work include measurements of
minor species (CO and H2 in hydrocarbon flames and radial species in CO

and hydrocarbon flames) which provide more sensitive tests of combustion

chemistry submodels. Finally, continuous time-resolved measurements and
imaging experiments are needed that allow direct determination of length

scales, two point correlations, gradients, and scalar dissipation.

4.i
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CHAPTER 5

PREMIXED COMBUSTION

P. A. Libby, S. Sivasegaram and . H. Whitelaw

LITERATURE SEARCH

Many measurements have been made in premixed flames varying in

complexity from the visual observation of flammability and stability limits

to the detailed consideration of local tjrbulence characteristics. Such

measurements are considered in the following paragraphs which divide them

according to the geometrical configuration and summarize the properties
measured and the equivalence ratio and Reynolds number ranges of the

experiments.

The emphasis in the measurements is on local flow properties

including velocity, temperature and species concentrations while important

i. J characteristics such as burning velocity, heat release rates and flammability
limits tend to hpc cverlookred, perhaps btcau5,e itheir dtpetaddiicc uw~n

k chemical factors makes them difficult to calculate a priori. With laminar

flow the average rate of chemical reaction can be readily deduced from the

thickness of a reaction region and the burning velocity. Where turbulence is
involved, such measurements are impossible and recourse is made to stirred

reactors in which premixed reactants are supposed to mix instantaneously
with hot burned gases. The resulting reaction is presumed to be homogeneous

ard to be chemically controlled. The experiments of Longwell, Frost and

Weiss (1953) and Clarke et al (1962) are examples of this type of

Investigation which, as a whole, reveals a dependence upon the reactor as

well as on variables such as pressure and fuel. It is evident, therefore, that

apparently simple properties such as reaction rate are not well documented

and cannot provide a satisfactory test of calculation methods for
chemically-controlled turbulent flames.

It might equally be expected that flammability limits, such as those

associated with bluff-body stabilized flames, could provide useful limiting
tests of models. L.ean and rich extinction limits of fuel-air mixtures of

Wright (1959), Filippl and Mazza (1962), Broman and Zukoski (1962), Heitor
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et al (1984) and others could serve in this way. Unfortunately, as with mean

reaction rates, the prediction of chemically-controlled turbulent reaction is

still outside the capabilities of present models and future developments of

calculation methods must extend from physically-controlled flames towards

those involving chemical control. A first step in this direction involves the

incorporation of statistical information on the rates of strain to which

laminar flamelets are subjected by the turbulence, since we know from the

theory of premixed laminar flames (cf. Libby et al 1983) that, if the rate of

strain is excessive, no creation of product takes place. A turbulent flame

with an "excessive number" of such flamelets presumably cannot exist. It

remains to determine the value of that number and its dependence on

aerothermochemical parameters.

The two major classes of premixed flows are those which involve

reactants issuing from a pipe with the flame stabilized on its rim and those

with reactants flowing in a pipe with a bluff-body flame stabilizer. In the

former case, the equivalence ratio is constant only in the region away from

the outer edge of the jet flame and in the latter the system is premixed only

within the length of the pipe. In both cases the flow may exhibit regions of I
recirculation or may conform to the usual assumptions of boundary-layer

flows and, since this can be of importance to the appraisal of calculation

methods, experiments considered under these two headings are subdivided

according to the nature of the equations which are likely to be required to

represent them. This classification is imperfect, particularly since one

arrangement can tend to the other and because two.dimensional, plane

geometrical configurations have also been investigated; the experiments

conducted in plane flows are included in the class to which they appear more

closely linked. L
A third class of flows comprises configurations where the premixed

flame is submerged in an opposing flow involving premixed reactants,

products or air.

Some flames with swirling flow have been investigated but are not

included in the tables to follow in view of their unsuitability for the pr" sent

purpose. Syred and Beer (1973), for example, examined the stability of an
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open premixed swirling jet flame. Also, swirl-stabilized, confined premixed

flames in a 460mnm diameter furnace of 1.4m length and 225mm diameter

furnace of 0.9m length have been examined by Beltagui and Maccallum

(1976). Although their study includes profiles of the three velocity
pcomponents, temperature anid CO 2 concentration, it was undertaken mainly
LN, to determine the overall behavior of the furnace and the measurements are

not suitable for the detailed evaluation of combustion models. Preliminary

calculations of these and other furnace flows are reported by Khalil et al

(1975) who show that it is comparatively easy to represent the general

features of such flows but much more difficult to determine details with an

accuracy approaching that of high-quality measurements.

The experiments of Table la involve unconfined flows downstream of
single or concentric pipes with the particular arrangements shown. In all

cases the equivalence ratio of the premixed fuel and air is constant in the

central core of the flame while the outer edge is contaminated by transport

of air to and from the premixed reactants and products, As a consequence,

detailed calculations of the entire flame characteristics require
consideration of premixed and diffusion controlled combustion unless the

reactants are fuel lean. The fuels are mainly methane and propane with

natural gas and L. P. gas in two cases. &lthough the burner rim thickness is

not always specified, the largest ratio of burner rim thickness to pipe inside

diameter was 0.125 for the 3mm burner of Yanagi and Mimura (1981) and the

12mm burner of Kilham and Kirmani (1979). In larger burners this ratio

X. reduces to around 0.06. No flame is described as lifted from the burner rim

although a hydrogen stabilizing flame is used in several cases. All flows mayt.be represented by boundary-layer equations except perhaps in the vicinity of

the burner rim and assumptions can readily be made for this region and their

influence quantified. Buoyancy appears to play an important role in this
class of flows and should be taken into account in predictions. Nine of the

" references provide measurements of a vector and a scalar as considered

further below.
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Table la

Sommer A Stojannof (1979)
Suzuki, Hirano A Tsuji (i979 ab)
Mos3 (1980)

Yule, Ventura a Chigier (1981)
Shepherd a Moss (1982,1983)
Suzuki & Hirano (1983)

SfuelL

premixed
flame

air +/pilot

fuef fl ame

Durst a Kiine (1973)

Yoshida 4 Tsuo i 1978,1982,
Kilham A Xirmani (1979)

~Yoshida A Gunther (1980,1981).

Yoshida (1981,1982)

Yanag & Momura (1981)..

Tanaka & Yanagi (1983)

U4 gas for

air + ilot
fe + fuel

D Noda & Maeda (1982)" Noda, Kimoto, Matswmoto, [

~sacondary
a r f low z
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The measurements reported by Moss (1980) and Shepherd and Moss

(1982, 983) make use of a 50mm diameter jet with bulk-flow velocities of

2.8, 3.05 and 4 m/s and an equivalence ratio of 1.6. The results are obtained

with a combination of laser-Doppler velocimetry and nephelometry and
emphasize the region of the turbulent flame. Possible errors associated with

the measurement techniques are not explored but it is evident from the
results that counter-gradient diffusion of the reaction progress variable

exists and should be represented in any combustion model. The data are

obtained to study processes within the flame and thus do not extend to the

entire flow field.

The early results of Yosjida and Tsuji (1978) are obtained with 10mm

diameter jets and extended to a 40mm diameter jet by Yoshida (1981). The

results of Yoshida (1981) appear to provide a possible basis for the

evaluation of calculation methods in that the development of the flame is

represented by measurements at three axial stations. On the other hand,

velocities of the order of 3m/s and a 10mm diameter burner tube imply an CIJ

exit Reynolds number of 2000 and, with the considerable reduction of

kinematic viscosity with temperature, the resulting flames are unlikely to be

more than weakly turbulent.

Sommer and Stojanoff (1979) provide data on methane-air flames in

terms of profiles of mean velocity, temperature and concentrations. The

velocities and mass concentrations are likely to be closer to density
weighted mean values than to unweighted values and the mean temperatures

are subject to some uncertainty since the size of the thermocouple is not
given. Although the pipe exit Reynolds number is of the order of 14,000, it is

uulikely that this flow can be considered to be controlled by turbulent

transport. Matsumcto et al (1982) provide detailed information for one flame

obtained with a 10mm diameter jet with a bulk velocity of 3m/s. Tanaka and

Yanagi (1983) also report measurements obtained with a 10mm diameter jet

but with a velocity of 4.9m/s. They include values of velocity-temperature C.

correlations which suggest counter-gradient diffusion but again the low

values of local Reynoids. number imply that turbulent fluxes may be

comparatively small.
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The presence of a large rms value of velocity fluctuations is treated

by many authors as evidence of turbulent flow but the upstream Reynolds

numbers, based on pipe diameter, are less than around 15,000 in all the

flames of Taole Ia. Moreover, the rise in temperature downstream of the

burner exit implies that the effective Reynolds number falls by a factor of 5

or so to yield flows which are laminar or, at best, transitional. These large

velocity fluctuations observed in some flames with low Reynolds numbers

may well result from instabilities rather than turbulence. Certainly,

turbulent flow cannot be presumed and measurements of energy spectra are

to be encouraged.

The flames of Table lb are similar to those of Table Ia in that the

prerr.ixed fuel and air emerge from a pipe or nozzle. In this case, however,

each flame is stabilized by a small-diameter rod located normal to the axis

* of the jet and along a diameter. A range of hydrocarbon fuels are

investigated, particularly by Dandekar and Gouldin (1982), and the jet

diameters ace sufficiently large so that a constant value of the equivalence

ratio is maintained for a large number of rod diameters downstream. None

"" of the Investigations cited in Table lb include measurements of vector and

scalar quantities but those of Smith and Gouldin (1979) and Dandekar and

Gouldin (1982, 1984) are obtained in the same flow configurations and,

together, provide values of mean temperature and velocity, though the

g latter are restricted to one axial plane. The mean temperature

*, measurements of Smith and Gouldin are likely to be subject to errors oi the

order of OOK and the rms temperature is unlikely to be reliable in view of

the large size of the temperature probe. As with the flow in the vicinity of a

burner rim, that close to the stabilizing rod is difficult to analyze.

The various experiments ok Table lb relate to flows which may

irvolve relatively weak turbulence. In several cases, the pipe-exit velocities

are so low as to raise doubts as to the structure of the flow emerging from

the pipe and, with the exception of the flow of Smith and Gouldin, the

Reynolds numbers based on the rod diameter are less than 500.

* The flows of Table Ic are nearly two-dimensional and correspond to a

mixing region formed by premixed reactants and hot burned products flowing
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Table lb

flame

holder
rod,
diameter d

Smith & Gouldin (1977)

D

'I'
fT air + fuel

flame
N' I holder

diameter d
Bill, Namer, Talbot, Cheno &
Robben (1981)
Bill, Namer, Talbot &
Robben (1982)

Cheng & Ng (1983)

Dandeker & Gouldin (1983)

secondary Cheng (1983)
air flow Cheng, Talbot & Robben (1984)

UObair + fuel Namazian, Talbot & Robben (1984)
Gouldin & Dandekar(1984)

/M
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Table ic

U
splitter plate

/

/O Borghi & Moreau (1977)ai +Moreau & Boutier (1977)

air + fuel, Moreau & Labbe (1978)

pilot Moreau (1981)stream__ Keller & Daily (1983),i1 inin !Daily & Lundcuist (1984)

7L . Shepherd & Caily (1984)

Cheng, Bill & Robben (1981)

heated Ng, Cheng, Robben &wall Talbot (1982)
U ir + fuel

L V "

.... heating

elements

Meunier, Champion & Bellet
(1983)

Uo  pilot gas stream

porous wall

,' , / / 1 / / / i/ I / /..
air + fuel
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along a wall, Flames are stabilized on the downstream edge of a splitter WC

plate which has a thickness small in relation to the overall duct height. V?

Moreau (1981) and Moreau and Boutier (1977) provide velocity, temperature

and unburned hydrocarbon measurements at three planes and for two flames

and this information appears suitable for the evaluation of calculation

methods although the flow may be subject to the organized three-

dimensional structures observed by Keller and Daily (1983) and Daily and I.-
Lundquist (1984). The measurement technique used by Moreau for the

temperature pdfs is not well established although comparison is possible with

the measurements of mean temperature of Borghi and Moreau although

(1977) who do not give particulars about the probe used. The temperature

pdfs do, however, tend to be qualitative rather than quantitative.

The temperature and specie. concentrations of Borghi and Moreau

(1977) are obtained in a flame almost identical to one of the two flames of

Moreau and Boutier (1977), for which detailed measurements of mean and

fluctuating axial velocity and of unburned hydrocarbon are reported. These

studies, together with those of Moreau (1981) and Moreau and Labbe (1978),
constitute a comprehensive investigation of a high Reynolds number mixing

layer. The density measurements of Shepherd and Daily (1984) were obtained

by the Rayleigh scatter technique in a flame identical with one whose ;

velocity field is investigated by Keller and Daily (1983). The combined data

provide a detailed set of measurements of a vector and a scalar in a high

Reynolds number flow but the suitability of the data, of course, is subject to

the validity of the interpretation of the Rayleigh scatter information.

Similar information has also been provided by Cheng et at (1981) and Ng et

a! (1982).

Meunier et al (1983) made measurements of mean and fluctuating

velocity and of mean temperatures with laser velocimetry and

thermocouples respectively. The flow comprised a wall boundary layer of hot

products of combustion with transpiration of a near stoichiometric mixture

of propane and air through the wall. The measurements encompass the high-

Reynolds number region of the flow which can be rept esented by boundary-

layer equations, albeit with provision for mass flow through the wall. The
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experiment and instrumentation are not described in detail in the paper but

presumably the necessary additional information is available in relevant

reports. In general, the work appears to provide information useful for the

Eevaluation of calculation methods.
To allow detailed comparison between measured and calculated mean

flow properties in a premixed flame, it is desirable to have geometies which
allow for most of the reaction to take place at constant equivalence ratios

and these are restricted to flames stabilized on thin rods or the downstream

edge of a splitter plate. The possibility of organized structures certainly

exists in these near two-dimensional flames and deserves careful
I-

'p consideration, particularly in viev of the experimental work of Brown and

Roshko (1974), but it should be remembered that small amounts of

turbulence in the upstream flow can be sufficient to destroy such structures

as demonstrated by Chandrasuda et al (1978). It is, of course, desirable for

experiments to provide details of the flow boundary conditions including

those associated with turbulence properties but these can often be estimated

and the uncertainties associated with such estimates evaluated as part of

the calculation method.

The premixed flames of Table 2 are also divided into three sections

which deal respectively with the two-dimensional flows corresponding to

flames stabilized by a rod or a gutter located in a rectangular duct, with

suJden expansion flows, and with axisymmetric duct flows involving flames

stabilized on a disc. In all cases the presence of a duct and the energy
associated with combustion can give rise to severe pressure oscillations and

investigations concerned solely with the combustion oscillations are omitted

from our review.

t.. Howe et al (1962) report measurements in three flames stabilized on

a rod in a duct and include detailed mean velocity data using a Pitot tube

and concentration data at one station. Such measurements probably

correspond closely to the density weighted mean values. These early

measurements do not appear to be subject to discrete frequency oscillations

and appear suitable for calculation purposes. The later investigations of

Lewis and Moss (1979) and Katsuki (1983) are concerned with the premixed
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Table 2a

flame holder rod, diameter d

/ Wright & Zukoski (1962)

Howe, Shioman & Vranos (1962)

0 Lewis & Moss (1973)

Katsuki, Mizutani, Ohta &
(air ' ue Choi (1983)

Fujii & Eguchi (1981)

i
air+

Clare, Durao, Melling &111Whitelaw (1976)
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flame which exists downstream of the long rod located in the rectangular i

channel. In both cases, the investigations concentrate on the measurement

of temperature and its probability density distribution. The latter

investigation provides measurements with a 25 m thermocouple which has

adequate frequency resolution for the measurement of temperature

fluctuations. The time constant of the thermocouple used by Lewis and Moss

is of the order of lOOms and, as a consequence, their temperature-

fluctuation results are unlikely to be reliable. The interpretation of ion C>
current measurements of Katsuki tends to be qualitative with

correspondingly reduced significance for the evaluation of calculation

methods. Of the available data on confined flames stabilized on rods only

those of Howe et al (1962) contain vector and scalar field measurements and

suggest flames which are clearly turbulent. There is, nevertheless, a

problem in interpreting the mean velocity data since they are neither

unweighted nor density weighted values.

The backward-facing step measurements- of El Banhawy et al (1983)

and Shepherd et al (1982, 1983) involve step heights ranging from 10 to

20mm and bulk velocities from 7 to 183.m/s and provide complementary

information. It is evident from the work of Shepherd and his co-workers that

the details of the flame-front region require consideration of counter-

diffusion and the extensive flow results of El Banhawy et al are sufficient to

allow the testing of calculation methods which embody this principle. It

should be emphasized, however, that the investigations of Pitz and Daily *

(1979) and El Banhawy et al were intended to determine the nature of severe

combustion driven oscillations and that, although the measurements of El

Banhawy et al with the equivalence ratios of 0.77 and 0.95 did not provide

evidence of strong oscillations, they may be present.

Stevenson et al (1982) present data on flames stabilized behind a step
in an axisymmetric configuration. Experimental detail is not, however,

provided and a satisfactory evaluation of the ,esults is impossible. Of the

available data on step-stabilized flames it appears that only those of El

Banhawy et al (1983) are adequate in content and of acceptable

experimental precision; however, the rms temperature measurements are U
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Table 2b

Shepherd, Moss & Bray (1982)

air +- fuel ElBanhawy, Sivasegaram &
Whitelaw (1983)UO pShepherd 

& Moss (1983)

Sivasegararn & Whitelaw (1983)

Pitz & Daily (1983)

I'..

E:Banhawv, Melling
Whitelaw (1978)
Stevenson, Thomoson, Gould &

air + Craig (1982)

fuel

II

.w.
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Table 2c

ITaylor & Whitelaw (1980)

U Taylor (1981)

Heitor (1985)

air + fuel

Tavlor -'nitelaw (1980)

Uo  Taylor (1981)

-I Heitor (1985)

air <

fuel F1

Heitor (1985)
"O Heitor, Taylor & Whitelaw

(1983)

dd

-I
0

air +
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not acceptable as no compensation was made for thermal inertia of the

temperature probe.

Axisymmetric configurations may provide a better vehicle for testing
calcuilation methiods which make use of time-averaged equations since disc-

stabilized flows are known to give rise to insignificant eddy shedding. The

isothermal flow results of Calvert (1967), for example, suggest that
inclination of a disk is necessary to provide significant eddy shedding and the
measurements of Taylor and Whitelaw (1984), with a disk orthogonal to the
duct axis, confirm the absence of shedding. Apart from the data discussed inj
the previous paragraph, the disk stabilized flames of Heitor (1985) obtained
with equivalence ratios which do not reveal discrete-frequency oscillations.
may be useful for the evaluation of calculation methods. They were obtained

adikReynolds numbers oi 2 x 10 4to 3 x 10 4and with an equivalence ratio

of07and include details of the axial velocity and normal stress, unweighted
temperature and concentrations of CO, CO2 and UHC. Calculations of

teeflows can, of course, suffer from the numerical difficulties associated
wirecirculating regions and the prescription of initial conditions,

particularly for the velocity components, introduces uncertainties which
may be important. Taylor and Whitelaw (1980) and Taylor (1981) investigated
the velocity characteristics Of three flames stabilized on axisymmetric bluff
bodies in a round duct and Heitor (1985) measured mean temperature and
chemical composition for three similar flames with the same burner. The
temperature measurements were carried out with an 80 m thermocouple
and are likely to be up to LOOK lower than the true unweighted averages.
The velocity measurements and chemical composition are density weighted.

The disk stabilized flame in an open pipe flow investigated by Heitor
et al (1984) and Heitor (1985) provides the most precise and detailed
measurement of the fluctuating temperature cur rently available. The
temperature probes were digitally compensated with the time constant

specified as a function of the instantaneous temperature and velocity. The
data includes unconditioned and conditioned mean values with and without

density weighting for both velocity and temperature. The results, which

include conditionally sampled velocity values, confirm the need for
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ccnsideration of non-gradient diffusion and provide quantitative evidence
with which related calculation methods can be tested. It is evident, however,

that the flow it not adiabatic and that the external mixing layer requires

assumptions appropriate to non-premixed flames.

Of the data in Table 3 only those of Yamaguchi et al (1975a, b, 1976)
and Ohiwa et al (1975) include vector and scalar property measurements.
The flames are not entirely premixed and diffusion effects are strong in the

flame zone. The large size of the thermocouple implies large uncertainty in

the mean temperature and the interpretation of velocity measurements

present problems since details given about the measurement technique seem

inadequate.

Temperature and species concentration measurements are reported
by Abdella et al (1981, 1982) for their closed conical burner and by
McDannel et al (1982) for their flame stabilized by the interaction between

a jet in an opposed main flow. The complexity of the geometry of the burner

used by Abdella et al may cause problems in prediction and the lack of

information of the velocity field represents a serious defect since the

accuracy of its calculation cannot be evaluated. McDannel et al present

comprehensive information of their flow field with mean temperature and

UHC, 02, NO and NO x composition measurements. The Reynolds number of

Pthe jet and its interaction with the opposing flow suggest turbulent flow and
the measurements encompass a useful range of equivalence ratios. The paper

provides detailed information for one flame but, like that of Abdella et al,

does not include information of the velocity field. It can be supposed,
however, that the limited region of the jet can be represented by boundary-

layer equations and the relevant boundary conditions can be srmized.
Stabilization takes place on a front some way downstream of the jet and the

main reaction in the region after the small-diameter jet has turned. As a

consequence, the main reacting region must be represented by eiliptic

equations with consequent numerical difficulties. Velocity information
relevant to this flow has been recently reported by Brun and Samuelsen

(1981) and helps to provide comparatively complete information.
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Table 3

a

McDannel, Peterson &

Uojet Samuelsen (1982)Uo, jet

air
CL fueair + fuel

___________" ___ _Yamaguchi, Ohiwa &
Uo jet Kinosniza ki9 Sa,b-

Yamayuchi, Ohiwa &

Izumi (1976)
air ar +fuel Ohiwa, Senda, Yamaguchi &

b

normal lif ted et
flame flame rfe

Abdella, Al, Bradley &
Chin (1981)
Abdella, Bradley, Chin &
Lami (1982)

,; --air -fd l Vj

289

Ul



V~I E.

E *S
E ou Q

CC

4.- zo 0

4- 4) I

4) ~4

4) 4).. C

4)

C 6.
4)4 0 :
E. C4

l4'L.

E O0

E 4' E

0 E (0

W- 0
Go 11 vQ 0;

0 "- jr0

4 0 u .0 -e u > ~ 0

4) ~ ~ % C -* ='u~ U 0 "

u UU

4) i2 .- (N (a C = m (, I

0~ 0 .x= <(

290



in

0 S0~II0

C 4..

0 4Eo

N .0 0 E

% 0 L,

Q. a, 0 -

1L 0~ E 0.

.u E. c t4 u . "
0,4 4"_

0 v , =%-I.." E -, 02 0 4.

E E I .-

o "0 V 9t E E

-
0 C

o u o t., 0 o .

c) 4)

a 6.2

a 00

4) E )m-.

m' .f. C
E Cr* 00- E

5g0~~~ 0 ~~

0~40 .20 04

IV a,
<

291 -



V ..

RECOMMENDED CASES L

It is evident from the preceeding pages, and from the tables, that

considerable efforts have been exerted to provide data relevant to the

understanding of premixed combustion. The evaluation of combustion models
can presently be carried out in a limited and direct manner, as for example

to demonstrate the need to consider non-gradient diffusion of species
concentrations, but a more general evaluation of prediction procedures

requires consideration of the possible errors which can arise due to

shortcomings of the turbulence, heat transfer and combustion models and of
the numerical techniques employed.

, All of the experiments referred to in the tables of the prior section
provide useful information. Equaliy, all have limitations in terms of their

suitability for the evaluation of calculation methods. Indeed, it is proper to
view the development and evaluation of calculation methods for premixed
combusting flows as a research task of some considerable magnitude.

The flows of Yoshlda (1981), Yoshida and Gunther (1980, 1981) and of

Keller and Daily (1983), Shepherd and Daily (1984) and Daily and Lundquist

(1984) may be represented by boundary-layer equations so that numerical
difficulties are reduced. In the case of the pipe flames of the former

authors, the Reynolds number is moderate and may not ensure fully

turbulent flow; pressure gradients due to buoyancy need to be considered;

and the external region of the flame is not premixed. In the mixi-ng region
studied by the latter authors, the influence of organized structures may
make prediction difficult. The recommended flows are summarized in Tables
4 and 5. Selected results, intended for comparison with computation, have

O. been extracted from the primary references and are located in Appendix D.
The flows of Heitor (1985) and Heitor et al(1983) and of McDannel et

al (1982) and Brum and Samuelson (1983) also contain comparatively

complete information but require the solution of elliptic equations with
consequent numerical difficulties and may also require consideration of heat

transfer from the flame to the surroundings and, in the former case, of nor,-

premixed combustion in the outer region. These flows are not included as
recommended cases because of the emphasis in this review on the parabolic
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treatment. In all premixed combustion flows, care must be taken to ensure H
that the calculations and measurements correspond to the same type of

averaging, the differences between unweighted and density-weighted
averages can be significant.

293

r"

--.

U

293

m%*.



r,

I|
"I

Table 4

DATA SUMMARY

Flow Jet from a pipe

Data Evaluators P. A. Libby, S. Siva-egararn and . H. Whitclaw

Case Yoshida (1981) and Yoshida and Gunther (1980. 19 ) !
0

Geometry ;,

Naturai gas and a', ,
issuing from a pipe. I
Fla.rne stablized by
a small annular pilot
flame of H2

Re • 14,500 1

Mean Quantitiei Measured

at 4 axial stations and T at 5 axial stations.

Turbulence uantities Measured

u' at 3 and T ' at .1 axial stations. Also i in current I, I ' 1)d (I) al 1 stalium,

Notes

Axisymmetric flow .s3umed; voluti ty piv Ile I f usribeJ as unifi n i1 '1q1"
exit, except for a very thin layer ncar the pipe wal'. Utrear tut ImIjr a iItit,, .g ty

6%; mixture composition uniform at a unolior Iemmratieut u1l ellti uf
pilot flame negligible; outer boundaiy U3uvIeIJ tu 64 ItIll All at 2't.i" *

pilo

4.
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Table 5

DATA SUMMARY

I'low In duct with splitter plate

UiLAIgA1w P. A. Libby, S. Siva3egaram and J. H. Whitelaw

Kellor and )ally (1983), Shepherd and Daily (1983), and Daily and
Lurid-lulso ( 4).

(.III& and air fluw in rec:tatiular duct, 57mm high and '22mm wide, divided

Io ia. ixed arnd pilot streams each 28.5mm thicl by a splitter plate. The
spi-l tvi 1,l too adgc is 22V rn from the duct exit.

JI'/'dR 11siGUd

It, - - -

t.

* 'iC ' ), sl i ,~ll statluons :-

I wu .ionisiumil Iluw asaui ud profles of Zi, V- U ,v specified at the start
81 U1e 4I,!it 1AvY1,i u)s1r11led stQeAm of uniform composition and uniform
lI..l.,.I ,,#as LIV$ P1" I plol irhearnl .uu|)rslrng products of combustion of CH +
ai uitasa ul 6W'i(slqiLv tatli 0.64, at unifuri tomnperature of 1170 0 K. All VlAIs
!M.Mu.hi aug1il4 t, "

.
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AVAILABLE MODELS AND COMPARISON

Of the available models for premixed flames, that of Bray and Moss

(1977) has probably been subjected to the most intensive development. If

It; reaction can be characterized by a single global step and the flow is

adiabatic, then the instantaneous thermodynamic state of the mixture can

be uniquely determined as a function of a single reaction progress variable,
usually taken to be the ratio of the product mass fraction and its fully

burned value. In the Bray-Moss model fluctuations in reaction rate are

described by the introduction of a probability density function with separate

parts to represent reactants, the fully burnt state and the burning mode, the 00

latter being determined from a laminar flamelet assumption. The modei )as

been extended to more complex reaction schemes including, the one-

dimensional propane air flame of Champion, Bray and Moss (1978) for which

reaction is assumed to involve a delay zone described by the single global

% fuel breakdown reaction of Edelman and Fortune (1969) and a combustion

zone with a complex mechanism which is simplified by equilibrating three

chain branching reactions and introducing the 'ad hoc' assumption that the

ratio of the oxygen element to hydrogen element mass fractions is constant. ,

This latter assumption is necessary to retain the single scalar specification.

No comparisons with experiment are described though plausible results are

obtained.

The Bray-Moss model has also been applied to prernixed combustion in

a turbulent boundary layer developing over a flat plate by Meunier, V

Champion and Bellet (1983) who use the density weighted k- c model

together with a single global reaction step and reaction progress variable pdf

to calculate the premixed combustion arising from the injection of a

propane-air mixture through a porous plate pas^ with an external stream of

hot gas. For injection rates of up to 1% the calculated mean velocity znd

temperature profiles are found to be in close agreement with the

measurements. For higher injection rates (up to 2%) the agreement is less

satisfactory and this is attributed to limitations in the k-e model associated

with transverse pressure gradient-fluctuating density influences and

dissipation rate in the presence of heat release.
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An interesting and promising extension of the Bray-Moss model is

described by Libby and Bray (1980,1981) and Bray, Libby, Masuya and Moss

(1981) in which a laminar flamelet description of premixed turbulent flames

is combined with the Bray-Moss theory through the introduction of a joint

probability density function for the velocity and the reaction progress

variable. Thin flame burning is assumed and the reaction progress variable is

then used to 'condition' the velocity.

Two of the more important features of the model are that gradient

diffusion arguments are avoided throughout and that counter-gradient

transport which arises through the preferential influence of mean pressure

gradient on high and low density gas 'packets' appears to be accurately
described. The model gives excellent results when compared with the -"

measurements of Moss (1980) in an open burner premixed flame and further

experimental support provided by the simultaneous velocity and mixture

state measurements of Shepherd, Moss and Bray (1982) in a ducted premixed

flame. The flames studied exhibit thin flame burning and thus justify the

conditioning of velocity. An important notion which arises from both the 5
theoretical and experimental results is that the pdf of the velocity

component normal to the flame is far from Gaussian but rather consists of

two nearly Gaussian distributions, one for reactants and the other for
products. Thus theories based on the assumption of a normal distribution for

this velocity component are flawed.

A further extension of the model is given by Bray, Libby and Moss

(1985) when the conditioned pdf is used to derive a full second order closure

for the density weighted Reynolds stress and scalar flux in which previously

formulated constant density models are combined with a laminar flamelet

description for the density fluctuations. While the complete model contains

all of the effects included in the earlier nongradient one-dimensional theory j

there are additional terms which may alter the results. Largely for this

reason tPe closure must be regarded as provisional until detailed

comparisons with experiment are undertaken.

The present development of the Bray-Moss theory in which the flow is

assumed adiabatic and the effects of rates of strain on the characteristics of
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the laminar flamelets are not taken into account cannot describe important

phenomena such as those connected with ignition and extinction. Further

research is required to incorporate there effects.

One of the central problems of all theories of turbulent combustion,

premixed and nonpremixed, relates to combustion induced pressure

fluctuations It should be noted that the several terms involving such

fluctuations in the equations for constant density turbulence have received

considerable attention and are subject to considerable uncertainty despite
their apparent importance in determining turbulence behavior. Thus it should

not be surprising that the modelling of combustion induced pressure

fluctuations which are due to an entirely different mechanism is in a poor

state of development. This problem has been studied by Strahle (1982). A

laminar flamelet description is combined with an analysis of the rotational

and potential fields in an open premixed flame. For the case of a plane

flame the results of the analysis are used to construct a model for the

velocity-pressure gradient correlation. This model differs from most

previous propo.sals though it is of similar form to the closure assembled by

Jones (1980) for variable density/combusting flows.

Borghi and Dutoya (1979) have investigated the influence of reaction

an the turbulent transport of chemical species (scalar flux) in premixed

flames. The exact balance equation for the scalar flux contains correlation

between the fluctuating velocity and the reaction rate and this is modelled

by the introduction of a joint velocity-scalar pdf which is assumed to be
'-joint normal. It is shown that reaction has a large direct ef-fect on turbulent r

transport in premixed flames where the reaction rate is fast. The effect can

be positive or negative depending on the situation and in the context of a

Y gradient diffusion model would imply values of turbulent Schmidt number far

from unity and dependent on the ratio of reaction to turbulence time scales.

For the case of slow reaction the effect is shown to be negligible.

The solution of a modelled transport equation for the joint pdf of up

to N species has been proposed, for example by Dopazo (1976) and Pope
"" (1979) and has the possible advantage that the terms involving reaction

appear in closed form. Difficulties in the modelling of other terms in the
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equation do, however, occur and none of the models so far proposed appear U
to be entirely satisfactory 3ones and WhitelawC(1982, 1984)]. Pope (1981)
makes use of the Monte Carlo technique to solve the equation for the one-
dimensional premixed propane/air flame of Robinson (974) with good
results. Pope (1982) has also suggested the use of a joint pdf for velocity
and the set of scalars: this approach retains the advantages of the previous

formalism and allows the turbulent transport terms to appear in closed form
although modeling is still required.

Combinations of models to represent chemical and physical control
have also been proposed for the calculation of premixed or partially
premixed flames. The eddy break-up assumptions of Spalding (1971) and of
Magnusson and Hjertager (1976) represent the averaged source of fuel by the "-

expressions

Sf " "'
k

and

S . C(v/k 2 )0 .2 5 (./k) main F P

respectively. Since chemical control cannot be ruled out, one or the other of
these expressions is usually evaluated and compared with the source

obtained from an Arrhenius-type expression, for example

L. ,
sf.2

This approach has merit in that it will allow solutions to premixed flame
problems and it has been used, for example by Lockwood et al (1983) and
Attya and Whitelaw (1984) who selected the lower of the physically and
chemically controlled sources at any location. It appears to provide suitable " '.-

solutions within limited ranges of variables but it cannot be regarded as
better than a rough guide and it should be recognized that the eddy break-up
assumptions, though intuitively correct, do not give rise to unique solutions.

29
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ADDITIONAL DATA NEEDS

The main recommendation of this chapter is that new work on
premixed combustion be supported so that predictive procedures can be
developed and quantitatively evaluated. Of necessity, this requires thatpexperiments and calculations be performed in close harmony with each other

so that each can provide guidance to the other. The work should be carried

out by research teams which are known to have the necessary expertise: this
may require the formation of teams between individuals or groups who work

in different locations so that best use can be made of expertise of the
-. different constituent components of models and of experimental techniques.

The f!ows to be .nvestigated should include a wall boundary-layer
flow similar to that of Cheng et al (1981) and Ng et al (1982), a rod

stabilized arrangement similar to that of Gouldin and Dandekar (1984),
confined and unconfined axisymmetric duct flows similar to those of Heitor

(1985) and Heitor et al (1983) and an opposed jet flame similar to that of
McDannel ex al (1982). Equivalence ratio and hydrocarbon fuel should be

regarded as variables and the Reynolds number should be sufficiently large
so that spectral measurements are able to confirm turbulent flow. The

mea.urement should include velocity, temperature, concentrations and,
where possible, correlations.

3',"
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CHAPTER 6

CONCLUSION

W. C. Strahle and S. G. Lekoudis

By way of a Committee action, data bases of numerous turbulent

reacting and non-reacting flows have been reviewed concerning their

adequacy for computational test. The flows reviewed have been categorized

as "simple" flows, as outlined in Chapter I. Nine flows have been chosen as

the "best", or most completely documented and understood in the sense of

experimental error, and have been put forth in detail in this document. It is

recognized that during the review effort several other data base generation

processes were taking place, and other flows could have been chosen if the

selection process were delayed. However, it was judged timely that the

review process be terminated within an originally determined schedule.

Insofar as their suitability for comparison of analytical models, the

flows chosen are quite adequate but not completely flawless. Consequently,

the reader is cautioned to monitor the discussion of these flows as contained

in the individual chapters of this document. In particular, the individual

chapters contain recommendations for further work in each area, which

would remove many of the limitations of the current data bases. The

dominant problems arise from low Reynolds number, completeness of data

and satisfactory understanding of data measurement, and recommendations

are given to overcome these difficulties. Nevertheless, the cases presented

should provide useful standards against which turbulence modellers and

computors can test their methods.

It is hoped that this document will provide a good reference source

for some time and will be used by members of the turbulent reacting flow

community. The authors of Chapters 2-5 are to be congratulated for a

valuable service to their profession and they are thanked by the editors of

this volume.
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APPENDIX A
TABULATED RESULTS

FOR CHAPTER 2

Rayleigh and velocity data for the propane jet corresponding to the

results presented in Figures 1-13 of Chapter 2 of this review is tabulated in

this appendix. These data have been tabulated for the use of those interested

in the details of the measurements and to facilitate comparisons with

modeling calculations and the results of other investigators. A complete set

of tabulated data at all measurement locations (see Table 7 of Chapter 2) is

. available from Sandia National Laboratories. Livermore. Cooies of the

taoles have been stored on magnetic tape and are also available.

:-ie ayteign jaia .s ,presentea .n -aoles AI-A8 ano zhe veioc~ty lata

in 7aoles .%9-A2. The presentation of the Rayleigh data is as foliows. In

Tables A -A4 tMie data corresponding to an axial profile along the centerline

and radial profiles at x/D = 15, 30 ind 50 are pre:ented. in the iormata adopted the first two columns give the axial and radial locations x/D and

y/D, respectively. The remaining columns give the mean density and
propane mixture fraction, the rms of the fluctuations, the intermittency,

1 and the third and fourth moments. Comment lines at the top of each table

give descriptive information on the filename the data is stored in on

magnetic tape, the flow conditions and the type of profile presented. Tables

AS-A8 contain the corresponding probability density distributions of the

mixture fraction for x/D ="30 at each radial location. Two columns are given

for each location, the mixture fraction f and the probability P(f)

corresponding to that mixture fraction. All pdf's were calculated for 50 bins
equally spaced over the 3 standard deviation limits of the data at each
location.

The velocity data presented in Tables A9-A24 are presented in a

similar format. A centerline profile and radial profiles at x/D = 15, 30 and

50 are given in Tables A9-A16. Axial and radial locations are again located

in the first two columns. In addition the mean axial and radial velocities U

and V, the rms of each velocity component, and the correlation of u and v

A-1



are given. At each location two sets of data are tabulated, the first

corresponding to results with only the coflowing air seeded with LV particles

and the second corresponding to LV seed added to the propane jet. The pdf's

of axial and radial velocity at x/D = 30 are given in Tables A17-A24. At each

location the pdf of the axial velocity p(u) is located in columns I and 2 and

the pdf of the radial velocity p(v) in columns 3 and 4. Again, two data sets

are given at each location corresponding to whether the measurements were

made with LV seed added to the coflowing air or the propane jet.

I.

I

.,'
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Table Al

C FILENAME: PAX.RAY
C Propa" Jet i n CofIow;ng A;e Stream
C Axial Profile Measured usihg Rayleigh
C Radial Positi;on, y/D= 0.0
C Bulk Je4t VolocityzS3 m/s, Jet Reynolds No.=83188
C Coflowing Air Volocityzg.S m/$C X/D y/D RH0mean Fmwan RH0$~qms N sog. a I Skew Kurt

c (kg/,,-3) (kg/tr,3)

1.78 0.00 0.2E-01 1.60 0.11E-61 0.968E-02 ..590 -.182E#01E-01
3.08 0.06 0.200E-06 1.e6s e.842E-02 0.749E-02 1.066 -.101E-02 0.133E-03
3,75 0.06 6.206E.e1 1.000 C.209E-01 0.188E-01 1.00 -. SS1E-1 0.449E-02
5.22 e.e 0.196-01 0.988 0.656E-01 0.517E-61 I.e -. 180F-01 0.869E. 1

7.12 0.00 6.187E.01 0.910 0.754E-01 0.715E-01 1-006 -.921E,00 0.39SE-01
10.79 0.Se 0.188.01 0.711 0.89eE-01 0.032E-01 1.06 -.S836.00 0.3S7F°01

12.42 0.66 0.181E-01 6.621 6.686E-01 0.843E-01 1.006 -.10E.e 0.468E-801

16.03 0.06 6.153E-61 6.522 0.567E-01 0.786E-61 1.066 -.214Eo00 0.472E-01

20.56 6.0e 6.143E.61 0.379 0.43CE-01 0.879E-01 1.000 -.84BE-01 6.58SE-01
24.78 0.06 0.139E.01 0.367 0.364E-01 O.SO0E-01 1.000 -. 194E.00 O.58E-01
29.79 6.06 0.135E.E1 0.239 0.309E-01 0.530E-01 1.000 0.22SE- 08 0948E-01

39.00 0.00 0.132E01 0.18S 1.227E-01 0.411E-01 1.000 -.246E-00 0.370E- 1.
49.34 6 0M 0.129F6.01 0 lAO 6.19A_-01 0.34'2E-1 1 0 et 221E.0" 0 113E-62

d2.42 4.J J..,ZSE-Jl a.,1 3..6eE-01 0. .37E-01 !..Z0 O.J24E01i 0,1051103

Table A2

C FILEMA E: PIS.RAY
C Propene Jet in Coflowing Air Stream
C Rad l Profi le Uqlsured using Rayle;gh
C Axial F(,S;'ton, x/om 15.02g

C Sulk 'et Velocity-53 rm/l, Jet Reypiolda No.=881$8
C Coflouwng Air Valocity=9.S M/9

C x/D 7/D RHOmean Fmean RHOrm$ Frmq I S6ew K.jr

C (kg/m.3) (kg/mr,3)

1S.02 -2.73 0.122E-01 0.000 6.229E-02 0.48SE-02 0.001 0.494F-l 0.137E-03
16.01 -2.46 0.122E-01 0.004 0.396E-02 0.108E-01 6.066 0.443C-01 0.1OIE-03
16.01 -2.17 0.122E-01 0.001 0.112E-01 0.220E-01 0.068 0.5926.61 6.46.02
16.01 -1.87 0.123E-01 0.027 0.215817-01 0.519E-01 0.311 6.218E661 0.774E°FJ1

1 15.01. -1.58 0.126Eo01 0.083 0.420E-01 0.793C-01 6.722 6.886E-0 0.318E.01

,15.0 -1.27 0.131E-01 0.172 0.56E-61 0.907E-01 0.974 0.3096-00 0;270E-01
15.00 -1.13 0.13SE-61 0.237 6.576E-61 6.986-01 0.997 0.120E-00 0.266E.01
15.06 -6.99 0.136E-1 8.284 0.584E-01 0 9s4E-01 0.998 0.392E-01 0.273E.01
15.0 -6.86 S.14KE.60 0.326 6.665E-61 0.908E-01 1.006 -.962E-01 0.274E.1
19.06 -6.70 0.142E-01 0.386 0.688E-01 0.931E-01 1.000 -.283E-06 0.280E.01
A4 .00 -0.56 0.146E-1 0.42S 0.696E-01 0.901E-01 1.ee0 -.336E6e6 0.292E-01
15.00 -0.42 0.146E-01 0.463 0.360IF-.1 0.829E-01 1.000 -.427E06 0.314E01

15.06 -6.26 0.160E-01 0.480 0.624E-01 0.766E-01 1.000 -.4696.60 0.322E.01
16 06 -0.11 0.163E.61 0.517 O.S17E-61 0.727E-01 1.0,, -. 466E.06 0.331E-01
15.06 0.04 0.162E-01 0.561 6.4916-el 0.709E-01 1.000 -. 467E.0 0.341E-01
15.00 0.17 0.162E-01 e.59 e.;28E-1 0.748E-01 iee -.4636.60 0.338E.01
16.00 0.32 6.149E.61 0.482 0.541F.-01 0.796E-01 1.60 -.480E-00 0.316E-01
16.0 0.47 6.147E-01 0.427 0.542E-01 6.849E-01 1,66 -.386E.00 0.306E-01
15.00 6.62 0.1466.61 6.401 0.612E-61 0.942E-01 1.000 -.303E.00 0.28SE.01
16.00 0.89 0.138E-01 0.291 0.S880E-1 6.96SE-61 1 .00 0.7236-1 0.433E.01

16.0 1.26 6.132E.01 0.190 0 519E-01 0.922E-0l 0.984 0.219E60e 0.266E-01
16.00 1.48 0.12SE.61 0.117 0.473E-01 0.874E-01 6.883 0.8926-.06 0.29eEo01
16.00 1.78 0.124E.61 0.38 0.321E-0l 0.699E-e1 0.427 0.173E.61 0.s756.1
15.06 1.78 0.122E-01 0.0M4 0.200E-02 0.819E-02 0,06 -.130E-01 0.186E.01

15.00 1.78 0.122E-01 0.03 0.196E-02 0.770E-02 0.000 -. 131E-01 0.190E01
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Table A3 U

C FILEMAME: P3W.RAf

C Propane Jet in Coflow;ng Air StreamC Rlld;sl Prof 1* Uessured us;mg Rayleigh

C Aial Poeit;on, x/ra 36.00
C Bulk Jet Velocityy63 m/S, Jot Reynolds No.=8816
C Coflowing Air Violo¢itys9.5 m/s -
C X/O Y/0 RMOnwen Fneen RIOrmv Frms I Skew Kurt U
C (kg/-m3) (kg/m*3)

36.00 -6.00 0.122E.01 0.000 0.219E-02 0.450E-02 0.60 0.246E-02 0.303E-01
36.0 -4.72 0.122E-01 0.000 0.223E-02 0.458E-62 0.O0 -.223E-01 0.308E-01
31.6D -4.41 0.122E-01 0.000 0.244F-02 G. S0E-02 9.002 .16SE-01 16.18SE-02
36.0 -4.13 e.122E.61 6.0" 0.372E-02 0.742E-02 0.007 e.66E-02 0.227E.03
30.e@ -3.83 0.122E-01 0.000 0.898E-02 0.13E01 6.024 0.772E-01 0.790E-02
36.00 -3.61 0.122E.01 O.60 0.113E-01 0.222E-01 0.073 0.474F.-01 .292Eo02
30.00 -3.22 0.123E-01 0.614 0.177E-61 0.347E-01 0.188 0.293E-01 0.114E.02
30.00 -2.92 0.123E-01 6.029 0.23OF-01 0.461E-01 0.381 0.161E.01 0.S0-e01
30.e -2.83 0.12S5E.01 O.57 0.292E-01 0.507E-01 0.63S 0.889E.00 0.29S5E.01
36.00 -2.36 0.127E-01 6.689 0.333E-01 6.836E-01 6.831 0.467E.00 0.248E-01
36.60 -2.04 6.12SE-01 0.109 0.336E-01 0.836E-01 6.914 0.194E.00 0.243E-01
36.06 -1.76 0.129F.-41 6.136 6.336E-01 0.828E-01 0.913 0.2595E1 0.251E-01
36.00 -1.47 0.130E.1 6.156 6.328E-01 0.62E-01 .989 -.1eE-00 6.27E.,01

30.00 -2.18 0.132E-01 0.185 0.327E-01 a.S92E-01 0.997 -.263E.00 6.28BE61
38.0 -6.90 0.134E.6l 0.2109 0.329E-01 6.S82E-61 I.eOe -.313E-00 0.289E-01

29.99 -6.59 0.1341E.1 0.22' 0.326E-01 O.S39E-61 1.l00 0.739E.00 0.3w05.02
36.00 -0.36 0.134E-01 0.234 0.313E-01 0.S221-1 1.000 0.823E-00 0.283E-02
30 00 -. 801 6 138E-01 I 2SA 0 295E-01 0.508E-01 1 000 -. 2V7E-00 0.33ef-01'

36.60 0.28 0.134E-(61 0.234 0.307E-01 0.512E-01 !.000 0.059E-00 e.245-e2 -
60 00 0 S2 I :3SE-01 1 -40 ( ]10E-411 9 9E-0l 1 600 - 290E-00 I.3 12E-.1

30 00 ' 31 0..!33E.-31 '3 21O9 J 30BE-01 .5.S9;E-31 !.-00 -.309E-3o 0. WIE-O!
36,0 1.4. 0.131C-01 a' 169 3.330E-01 0.503E-01 0 9A -. LeE.eo 0.272E-01

30 M 2.38 0 : SE- 1 0 J55 '3 2'SE-31 , 54
3 E-01 0.dS! J.777E.00 0.292E-0 1

Table A4
C FILEIAME: PSO.RAY
C Pro0mno Jet ;n Cofliw;n Alr Stream
C RPd;I Profile Mesurwed uximg Rayligh*
C AxiaI Posit;on, */D 60.1M
C Bulk Je t. Velocityz-53 -m/a, Jot Reynolds No.=68168
C Coflo.;ng Air VeOc;ty.9rn.6 m/S
C 1/0 Y/D RHO qMOS pmosln PHOrmsI F~me T Skew KUr-

.

50.8-0 -6.21 a.122E-01 0.001 6.332E-02 0.871E-02 0.007 0.690E.1 0.948E.02 V
5.0 -S 92 0.122E01 0.0C1 0 36E-02 0 7S5E-02 0.010 6.S7E-01 0.898E-02
50.-0 -6,63 0.122E-01 0 00 0.449E-02 6.90G6E-2 0.619 0.646E.61 0.687E.02
49.99 -5.33 . 122E.61 0.02 0 890E-82 0.14E-01 .054 0.449E.el 0.264E.02
60.00 -6 0' A.122E01 0.006 0 875E-02 0.17SE-01 0.083 0.390E.01 0,2025-02
S:.Oe -4.73 :.122E:01 0.69 6.16E-61 e.239E-1 6.09 0.263E-0 0.0lE-02-
60.06 -4.68 6.123E 01 015 6.1478 .-0810.2645-01 .91 0.19E-01 .563E-01
66.06 -4.14 e.623E-0 8.02 6.17E-0 1 .347E-01 0.39 -. 13E-01 0.396E-01
56.e0 -3.84 0.124E0.1 0.035 0.107F-61 0.371E-01 6.s48 0.71E.0 0.283E.01 .
60. -3.66 0.124E0.1 0.4 0.2036-01 0.42E-01 0.967 0.346E.00 e.2 1-1"I
66.60 -3.29 0.12E.1 0.S 0.212E-01 6.476E-61 0.72 0.367E.00 0,27-,-
60.00 -2.96 .1265E-01 012 6 .212E-61 6.415E-1 0.969 -.116E.00 6.227E.0
6.00 -2.89 0.1265.01 0.177 0.208-01 0.404E-01 0.918 -.3715.00 8.233E-61
60.00 -2.36 8.129E*01 0.133 0.282E-81 0.339E-01 0.958 -.12E-0 0.267E-e1

05.00 -2.38 6.127E-01 0.136 6.2165-61 6.45E-01 1.604 -.12E.1 0.264E01 C.3
60.66 -1.77 0.123.0-1 6.112 6.219E-01 0.393E-01 1.007 -.314E.6 0,288E-01
56.60 -1.49 0.12RE01 0.117 6.18E-01 0.376E-l 1.994 -.2E25.1 .293E9e1
60.0 -1.1 .12.E61 0.122 6 192E-61 .303E-01 0.997 -.310E960 6.29E.01

500.0 -669 0.129E-61 0.12e 0.1(1E-01 0.341E-61 0.997 -.372E00 ,343E-.01
60-0 -6.0 1 0.129E01 0.133 0.181E-01 0.339E-01 0.999 -.330.E0 ,337E-01
see6 -1.32 0.128 .01 6.139 e.219E-01 6.345E-0 1.06 .471E.l 0,34eE-03
60.0 -1.72 0.129E.01 0.137 0.2195-61 .34BE-61 I.91 -. 214E-01 6.278E.3
60-00 0.26 0.129E-41 0.136; 0.188E-01 0.33SE-e1 1.00 0.12SE-01 6.GS6E-02
60.00 e.ss e.tUK-01 0.135 0. ISVE -0 0 337E-01 0 999 -.369E-00 0.312E-e01"

60.6 24 . 0.129E-01 0.629 0.63E-01 0.341E-01 0.998 -. 317E.0 0.313E01
Se.00 1.14 0.128E-0t 0.123 0.187F-01 0.354E-01 0.997 -.32@E-00 0_328E-01

66.00 1.43 6.126E-01 0.119 6.19E-01 0.377E-01 0 993 -.293E-00 0.34E-01
60.66 1.72 .129.E01 0.e10 0.199E-01 38E-01 0.991 -2E0 .27E-01S:e.e 2.01 0.127E-01 0. 09 0.203E-01 0.391E-01 0.978 *.1TSE-00 0.264E-01* ;
6e.00 2.31 0.12GE-el e1.084 0.201E-01 0.389E-01 0 g52 -. 31ME-O1 0.279E.0-1

[

SO-@@ 2.80 0.126E-01 e.08, 8.215F1t 0.418E-01 O1924 e.60CE-J91 0.240E-e01i

660 3.18 6 126E.01 0.066 0.20E-61 0.407E-01 e.0 6.436.6E0 6.s2.-01
6580 3.75 0.124E-01 0.638 0.188E-01 0.374E-01 0.599 0.674.-00 0.246E-01
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Table A3

FILENAME: P36P3.POF
C PropeIne Jet in Coflowing Air Stream
C POF of Mixture Fraction Measured using Ray;eigh
C Axial Position, x/D= 30.0e
C Sulk Jet VeIocity=53 m/s, Jet Reynolds No.i68168
C Coflowing Air Velocity=9.S m/$
C
C Y/D= -3.22 y/D= -2.92 v/O= -2.63
C f P(f) f P(f) f, P(f)
0.114E-f 0.566E-00 0.159E-00 0.61SEo0 0.221E-00 e.291E-00
9.11E-ft 0.924E-00 O.lSdE.0 0.104E-01 e.214E00 0.296E.0°
0.11SE40 0.863E00 0.14E-00 0.12?E.01 0.207E-00 0.56SE-00
0.101E-Mf 0.129E0°1 0.143E- 0.847E00o 0.200E-00 0.702E.0
0.973E01 e.863Eoee e.137E-e 0.118E-01 0.193E00 e.813E-00
9.931E041 0.218E+81 0.132E00 0.165E-01 0.188E00 0.592E00

0.089E-01 6.99SE.0 0.1.7E.e 0.137E-01 0.180E-00 0.115E-0l
e.84SE-01 0.142E.01 0.121E-00 0.122E-01 0 173E-00 0.148E-01
0Se E-01 0.117F-01 0 1'16E 00 0 2780l 0.188E.e 0. 129E-01
0.7e4E-01 0.924E1 e 0-110E°00 0.231E-01 0.159E-00 0 186E-01

0.681E-01 0.1T7E.01 0 99SE-01 0.240E0°1 0.1-8E-00 0 -243E-,di
0 . 40E-,61 3.1:85E-01 r3. 941F.-,)1 0. 24803 0. 139E.0 432 O40E.0tl

-!. 398E-31 3. .17E -I" .387E--11 .! . .3 - .3 E 1 .. '-.3 3.. - - I
0-5680-01 0..S3301 0.333E-31 212E-131 0.SE -M 0 337E-o1
0.51EE-0ai 30.UE-l -3.'79E-01 ).13E0 0 ii0E.00 4 . IE0
0.473E-01 0.164E01 0.724E-01 0.264E-01 0.112E-00 0.403E-01
0.431E-0 - 0.0E01 0..70E-l 0.330E-Oi 0.106E-00 O.SZ9E-'1
e.390E-4 1.IOE-01 a.GE-01 a. 7 - 0. 80E-01 3.492E-,b L
*.348E-01 0.117E-01 0.582E-01 O.SeUE.01 0.912E-01 0.484E-01
9.306E-01 0.294E-01 O. .. E-01 0.296E-01 0.84,,E-01 0.A8E.o1

0.26GE-81 0.179E.,1 0.464E-01 0.287E-01 0776E-01 0.486E.01
0.223E-61 0.290o81 0.400E-01 0.38SE.60 0.708E-01 0.499E.31

8.182E-01 0.203E-01 0.345E-01 0.461E-01 0.84CE-01 O.AIOE.01
G.jAeF..01l 0.364E-01 0.29IE-01 0.348E-0 1 O.5"72E-01 0,4AAE.0t

0. 993E-02 0.1020E-02 0.2370-al 0 3BIE-01 0. 504E-01 0. 447'E-01

0.587E-02 0.337E-02 .183E-1 , .S27E-01 a.436E-01 0.529E-01
0.161E-02 .5SE-02 0.1290-61 0.598E-0l 0.368E-01 0.492E-01
- .082E-O2 *.-20E,02 0.74?E-02 0.162E,02 0.300F-01 0 614E.01

-.882E-02 0.224E-02 0.205E-02 01.472E-02 0.232E-01 0.529E-01
-.I1OE-01 0.253E-01 -.338E-02 0.368E02 0.114E-01 0.754E.01
-.152E-01 0.616E-01 -.873E-02 0.730E.01 0.941E-02 0.107E-02
-.193E-'I 8.O OE-o0 -. 142E-01 0.377E°00 0.281E-02 0.254.02
-.23SE-01 8.00 0600 -. 19SE-01 O.O E.00 -.399E-02 0.102E-02
-. 276E-41 O.0E0.-0 -.250E.-01 0.0000E.0 -.168E-01 e.333E-00
-. 316E-01 O.00E.-00 -.304E-01 0.0O06.e0 -.176E-01 0.00E-00
.360E-01 6.00V- -.35SE-.1 0.006E.60 -.244E-01 0.00E-00

-.40!E-01 0.600E.00 -.413E-01 0.0 0E-.0 -.312E-01 0.0o0E-00
-. 443E-01 0.0WO-006 -.47E-01 6.0E-00 -. 380E-01 O.600E.0
-.48SE-01 0.009E-0e -.521E-01 6.0E.-00 -.44S0-01 0.00E-00
-. 9;2$E-81 S. OW06. -. 67SE- 60 O.E-0 -. S;60-61 0.60E00
-. 5686-01 0.00E.0 -. 929E-01 6.00E-00 -.68AE- 00-.0E00
- .Oe9E-V1 0.0006E-66 -.6846-01 09.000.600 -. 6626E-61 0.0006.-00
-. 661E-01 O.600Eo -. 7380-01 0. 0E-0 -.720E-01 -OME-0

-. 6936-41 6.6OE60 -.792E-61 6.000E200 -.788E-01 6.0E-f0
-.734E-81 6.666.6 -.8460-01 .60O.E0.6 -.868E-01 0.0006.E0
-. 7766-0l 6.60K06 -. 900E-01 0. 00 6.M -. 924E-01 0.0066E-00
- .S1SF-61 -.600 -.954E-01 R.000E 00 -.992E-01 0.-4?6E-o.
-.969E-01 e.6WE6.0 -. Ie:I.Z- 0.00E-00 -. 106E-00 0.000F60
-. 901E-01 6.000E-00 -.I0E-00 0. 0CE-00 -. 113E-09 0.0eeE-00
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Table A6 Lw,

FILEHAME : P3OF4 .PQF
C Propane Jot in Coflowing Air Stream
C POF of Mixture Fraction Measured using Rayleigh
C Axial Poeiton, x/D= 30.00
C Bulk Jet Velocty=63 ms, Jet, Reynolds No.-8818B
C Coflow;ng Air Veloc;ty=9.S "/s
C y/D= -2.35 y/D= -2.04 y/Dz -1.7S

C f P(f) , P(f) f P(f)
0.272E.f0 0.132E-eg 0.292E-00 0.86E-01 0.311E-0e O.600E.00
0.264E.0 0.263E.00 0.294E-00 0.184E.00 e.304E.6e 0. OeE-e
0.267E.00 0.2geE-0e 0.277E.00 0.32RE.e0 e.296E.00 .332E-01
6.249E.0 e.S2E.06 0.269E-00 e.328E-0e 0.299E-Me 0."SE-0-
0.241E.0 0.824E.0 0.281E.ee 0.623E.00 0.281E-00 0.299E-00
0.234E-00 0.624E-eo 0.254E.0e O.S58E-00 0.273E-ea e.2q9E.-o
0.22SE.400 0.963E-00 0.248E.0 0.984E-e O.266E-oe es9TE-oe
0.21SE-0e0 .141E-O1 0.23SE-0 0. 7S,,E-M 0.2s8E-00 e.730E-00
0.2'IE.03 0.12SOE1 0 231E.01 0.88.6- 0 2'3 1F.E-e 0.108E.01
C.203E-00 ,. .iTE-el 3.22jE-30 J.:41l-31 a -"43E-.o j i33E-.)i
a.19SE"C6 0.154.- 1 0.216E.0e 0.197E-01 0,236E-00 3.43E-01-

0.180E-00 -. 237E-01 02OE-,,3 0.249E.,01 a'21E*0 021E-01
0. 172E.00 3.2'27E-Z1 o. .93E-00 %3 258E-3,1 0.211E-00 C_.:,9E--51

S.'SEE-00 0.269E 01 0.18SEoe0 0.312E*QI1 0 206E-30 0.318€-C1'-
C.157E-.00 .37SE-01 0. 17'I.e 0.338E-3I !.igPE-oe G441El--0

. 15eE.00 0.39"E-0! 0.170E-00 0.377E,,l 0.:91E-C0 0. 4AlE-61
0.142E-ee 0.296E-*6 0.162EZe 0.483E-01 0.183E.0e e.51lE-01
0.134 0. 0.4G3E-.l 0.1SE-00 0.584E-01 0,176E-00 0.498E-01
0.127E-G 0.4g3E-01 0. 47EtlO 0.348E.01 0.ISIEIe 0.431E-01
0.119E-e 0.414E.1 *A39E- G 8 $.S71E.l(91 0.1eE-00 9.s31E-01 i
G.IIE-SG 0.649f-61 0.132E-00 O.SAsE-el 0.153E-00 0.624E.el
0.104E.00 *.42?E-0ei e12,E-0 0.49SE01 .I"E-e0 O.A74E-01
096J2E-01 O.8S4E-01 0.116EF.-00 f359,tE-01 0.138E-do 0.624E-%31
0.89SE-01 0.421E-01 0.109E-00 e.597E,1 0.130E-00 C.SAIE-01
0.80l9E-8l O.S22E-1 9.COE-C 0.8OE.01 0.123E-00 th.607E-01
0.733E-41 0. 46 7 E-l 938F-01 0.98E.e1 8.lSE-00 O.SE-0E'

0.868E-01 0.834E-01 0.869E-01 0.889E-01 e.I08E.00 i.-4,AE-el
0.68@E-01 0.54eE-01 0.793E-01 e.46SE-e 0.l00E.00 e.814E-01
0.504E-61 0.509E-01 0.07E-01 O.S2SE-0 0.92E-01 0.44SE-0i
O.A27E-01 O.483E.01 0.631E-01 0.364E-01 O.SCE-01 O474E1el
0.351E-01 0.36SE-el O.SSdE-01 0.472E.01 e.775E-01 0.504E-01
0.27SE-81 0.662E-l1 0.478E-01 0.32SE-01 0.699E-01 O,39SE-01
0.19SE-41 0.613E-61 0.402E-01 0.302E.01 8.624F-01 0.32SE-0
0.122E-E1 0.SSE-01 0.325E-01 0.38?E-01 6.SA9E-O$ 0.289E-01
*.46SE.2 0.11SE-e2 0.249E-01 0.381E.01 0.4?3E-01 0.29SE.01
-.369E-42 e.250E-e1 0.173E-01 0.316E.01 0.39SE-01 0.352E-01
-.167E-01 .6IMM @.g"4E.le2 0.453E.01 0.323E-01 0.269E-01
-.183E-0l 0.e Eee 0.201E-02 0.426E.01 0.247E-01 0.178E.-1
-.260E-01 9.e00E-00 -.581E-02 0.961E-00 0.172E-01 e. 01eE-01
-. 33SE-01 .60 E-., -. 132E-01 G.SSSE-81 0.9,SE-e2 0.702E-e1
-.413E-01 *.0E-0 -.20g -01 @.OW0.0 0.212E-02 *.teE.ex
-.409E-01 6.601t.ee -.285E-01 0.SO1.00 -.642E-02 0.962E-00
-. 661SE-6I a. -001. -.3elE-01 0.OWE -00 -. 130E-01 0.332E-01
-. 841E-01 6.08VE600 -. 439E-01 S.0001.*0 -. 265E-el 0.eeE.ee
-719E-81 6.OM**M0 -. 5141-OI 6.6600 -. 280E..01 6.SOOE-00

-. ?94E-0 9.600E-00 -. 59SE-01 0. OME-00 -.36E-01 0.00OE-00
-.e71E-01 6.000E.00 -.887E-61 0.000E.00 - .A31E-01 eee.oe,
-. 947E-01 0.000-00 -. 743E-01 O. *00 -. 606E-01 0.eMOE-06
-.12E.3 6.0E.00 -.81--01 0 .06E0.00 -.582E-01 0.06E -0
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Table A7
FILE4AM(: P36F6.PDF

C Propsne jet ;m Coflowing Air Stram~
C PDF of Mixrture Fraction Me~asured using Rayleigh
C Axial Posnition, x/D= 36.00
C Bulk Jut Volocity=53 M~/s, Jot fl~yhotds No.=68168
C Coflowieng Air Volocity=9.S M/9
C
C y/tD= -I.A7 Y/02 -1.18 y/D2 -O.SO
C f P(f) f P(f) f P(f)

6. 329E.00 S.000E2.90 0.365E.00 0.362E-01 6.3862.00 0.3582-01
0.321E-00 0.892E-491 0.3482.06 0.362E-01 0.379E-0 0.066200
0.314E.00 0.104E.00 0.3412.00 0.141E.00 0.372E-00 0.1082.00
6.307E.00 0.2682.00 0.334E-00 0.247E.00 0.366E-00 0.368E-01
6.3062.06 0.312E-00 0.327E-00 0.247E.00 0.358E-00 0.1082.00
0. 292E.00 0. 4666.00 0.320E-00 0.317E-00 0.35"E.00 0.359E-00
0.2862-s . SE00 020 .313E-00 0.493E.00 0.344E.00 0.538E-06
0.2782.06 0.6823E-0'0 0.3652.00 0.811E.00 C3.337E.00 0.88IE-00
0.271E-00 0.104E.01 0.2982.06 0.918E-00 0.330E-00 0.8252.00

0.258F-00 0.190E-01 0.284E-00 0.2082-01 0.316E2.30 0.185E-01
0.249E-00 0.-260E.01 0.2772.06 0.180E-01 0.309E-00 0.2:22.01

(9. 236SE-10 0.336E-01 0.263200 0 384E-01 0.2952.00 0 319E-01
0.- 2292.06 0. 291E-31 d.2 56E -00 0.3882.01 0.288E-00 0.468E-01
6.22060 0.612E.01 0,249E-00 0.406E-01 0.281E-00 0.4982.01
8.2132.00 0.481E -01 0.242E.00 0.529E-01 0 27tE.00 0.488E-01
0.2006E-00 0.A26E.01 0.2342.06 0.5782.01 0.2872.00 0.838E-01
0.199F+00 0.671E.01 0.227E.00 0.539E.01 0.260E.00 0.574E-01
0.191E-00 06526E.01 0.220E-00 0.683E.01 0.2532.06 0.496E-01
6.1842.00 0.?Oe2.01 0.213E*00 0.887E-01 0.2462.06 0. 71ME-01
6.177E.0@0 .861E.61 0.206E-00 0.6782.01 0.239E-00 0.706E-01
0.170E.00 0.6062.01 0.199E-00 0.83SE.01 0.232E-00 0.6162.01
0.162E-00 0.899E.01 0.192E-00 0.627E.01 0.22SE-00 0.739E.01
6.1562.66 6.S642.61 0.18SE-00 0.7052.01 0.218E-00 0 S81E-01
0.14SE.06 0. 8646.01 0.1782.00 0 820E.01 0.211E-00 O.652E-01
@.141E.00 0.830E.01 0.170E-00 0.870201 0.204E-00 0.530E-01
0.1342.00 0.582E.61 0.183E-00 0.5852.01 0.197E.00 0.678E-01
G.128E-00 0.509E-01 0.1582.00 0.514E-01 0.1962-0 0.502E-01
0.119E-00 O.5182.01 0.149E-00 O.543E-01 0.183E-00 0.5962.01
0.112E-00 0.4882-01 0.1422-00 0.362E-01 0.176E.00 0.437E.0l
9.166E.00 63.467E.01 6.1352.06 0.412E.01 0.189E-0 0.419E-01
0.9752401 0.3502.01 0.1282.06 0.3842_.01 0.182E-00 0.4592.01
el.903E-01 6.36502.01 0.121E-00 0.2862.01 0.1552.SE06 0.283E-Gi
6.8306-01 6.39SE.01 6.11'E*00 0.292E.01 0.1482.06 0.258E-01
0.7686-01 6.2842.61 0.106E.00 0.3102.01 0.141E-00 0.3696.01
6.6862-01 6.190E6.01 0.994E-01 0.204E-01 0.134E-00 0.212E-81
0.614E-01 6.1762.01 6 923E-01 0.1662.61 0.1272.00 0.2191E-01
0.6422-01 6.1692.61 6.862E-61 6.1692.01 0.120E.06 0.179E-01
6.469E-01 0.152E-01 0.781E-0l 0.961E-00 0.113E-00 0.186E-01
0.3972-01 0.1212.01 6.7106-81 0.134E-01 6. 1060 0.1612.01
6.3252-041 @.1112.01 6.639E-01 0.113E-01 0.992E-01 0.1222.01
0.263E-01 0.623E.00 0.6882-01 6.493E.06 0.922E-01 06462.06
6.1866-01 0.6582.00 0.497E-01 6.6992.00 6.862E-01 0.538260
0.1082-01 0.6642.00 0.4262.01 0.77620 0.783E-01 0.809E-00
0.3.69E-02 0.4162-00 6.3652.-61 0.3171E-00 0.713E-61 0.5382.00
- .3152E-02 0. 1042-00 03.2842-61 0.292E.00 0.843E-01 0.261E-00

-.09-01 0.0006-00 0.2132-01 0.282E.00 0,673E-01 0.3692-00
-.1912-61 0.000 -0,0 0.142E-01 0.2472.-00 0.603E-01 0.143E-00
-.253E-01 6.60Oft6-00 0.769E-02 0.317E.00 0.433E-01 0.717E-01
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Table AS

FILENAME: P30F6.POF
C PPopOn. Jet ;n Coflow;ng A;r Stream
C POF of V*xture Fraction Measured using Rayleigh
C AwxaI Pogtion, x/O= 30.00
C Bulk Jet Volocity-63 M/s, Jet Reynolds No.=88188
C Coflowing Ait Velocity=9.5 m/9
C
C y/D= -O.S9 y/O= -0.30 y/D= -0.C1
C P (,F) f P(f) f P(f) J

0.380E-00 0.778E-01 0.384E-00 0.OOOE. e. 40E.ee .0E00
6.373E.06 e.776E-01 0.378E-00 0.01ME.00 0.394E-00 0.123E.00
.3E-le 0.eeeE e e0.371E00 0.ONE-00 0.398E.00 0 123E.00 !."

0.360E.06t 0.118E-00 0.36SE.00 0.120E.00 e.382E.00 0.822E-01
* .3E'E.ff 0.388E-S1 0.3s9E.00 0.280E.0 0.376E-00 0.123E-00

0.347E-. e.233E-M O.3S2E,-0 0.320E-00 0.370E.ee 0.822E-01
0.341E.00 0.349E-00 0.346E.00 0.200E-00 0.383Eo00 0.493E-00
0.334E.0 0.81SE-M 0.340E.0 0.481E.M 0.3S7E--00 0.493E.00
0.329E.00 e.81SE-ee 0.334E.ee 0.921E.ee 0 3SIE-00 OiIIE-01o
0.321E.ee 01.138E.01 0.327E-00 0 OGIE-00 0.35.00 0.127E-01

..115E.W I 'IOE-01 I 12E.l-0 I " 0E-c I- 230E-0 0 :38E-.1
0.308E-,&A 0.237E-01 0.315E-00 0.236E-01 0.333E-06 0.173E-01
a.302E-0e 0.221E-01 0 309E-0e 0 22SE-01 0 327E-00 0 3S4E-tl

'. ' eE-,e 2.; 3iE-,-i ' - -02E3': -•-30o J 44-. '. -- 1 .Z -30o .!. -6 -E-,1

a -299E-4" (3 299E-01 2.Z905E-0 0.404E-0 0 31S.E-00 37E-OJi
0.283E-0 3.489E-01 0.29F..-ee 3 .1E.01 0.30EE-010 0.481E-%l
0.278E-0 0.757E-01 0.28E.00 .S89E.01 0.302E-0e O.SSSE-01 "
0.270E-M 0. AE8.-11 0.2 77E-0e 0.S63E-01 0.298E-e 0.-0E-0,
0.263E.00 O.SS9E-01 a.2?XE.00 O.SgE.el 0.290E.0e 0.773E-01
0.267E.00 0.761E-01 0.26SE-0 0.829E.01 0.284E.00 0.724E-01
0.2S0E.-0 e.71 E.-01 .259E.eo 0.7TE.e1 6.278F-00 0.711E-01
a.244E-Oe 0.884E.01 e.25C.0 0.102E.02 0.272E-eG GeB1OE-ei
0.237E.8 095BE.1 6.24SE.0b 0.753E.01 0.238E-00 0.10E.02
8.231E.40 0.722E-St *.240E-@o @.897E.Gj 0.280E-00 0.7?3E-01
0.22Ff (.776E.01 . 234E-ft 0.84SE.01 0 2S4E-00 0.818E-01
0.21BE-Oe 0.?ISE-01 0.227E-00 0.785E-01 fa48E.00 0 732E.01
a.211E-e 0.532E-01 0 221E-00 0.717E-01 0.241E-0 0.q2E-01
0.2015E.e 0.7ReE.0l 0.21SE.00 0.849E.01 0.236E.0 0.878E01
0.199E.0 O.SStE-01 0.20eE.ee 0.88SE.01 0-229f.00 e.870E.e
0.192E.0 O .S66E.01 0.202E-0e O.S93EO1 0.223E-00 e.SIOE-e1
0.19SE.0 e.sSE-41 0.19"E-00 0.557E-81 0.217E-0 0.534E.01
0.179E-00 0.536E-01 e.19E-E0 0.84.-01 a.211Eo00 0.477E-01
0.173E-0 0.380E-el 0.183E.0 0.50!E.01 0.2eSE.e 0.45E.0
0.168E.00 0.392E-01 e.177E.00 0.348E.01 0.199E-00 0.304F-e
0.18BE-00 0.291E-01 0.171E-00 0.346E.01 0.193E-00 0.329E-01
O.IS3E,-O6 0.299E81 0.1 SSE-t'e 0.280E.01 0.187E.00 0.387E-01
6.147E.00 0.210E-01 0.168E.-0 0.196E.01 e.81E.0 0.284E.0
*.14El 4 O.IG7E.1 •.162E-ft 0.252E-01 0.174E-aG 0.214E-01
0.134E+00 0.188E-01 0.146E-00 0.20@E-01 O.ICSE.00 0.202E-01
0.127E-00 0.135E-01 0.14eE.0 0.tleE-al 0.182E.0 0.144E-01
0.12!E-00 e.737E-00 0.133E.*e 0.36E.6I 0.15SE-6 0.132E-01
8.114E,>00 .120E*81 0.127E.0 0.12'E-01 0.160E.0 0.138E-01
*.10F.06 0.943E-00 0.121E'00 e.881E-ee 0.144E-00 0.7elE-0e
0.10E-M 0.81SEo0 0.115E.0 0.921E.e 0.138E-00 0.699E-e
0.96@E-01 0.6S2E.*0 0.10E-00 0.32VE.ee 0 132E*0b 0.899E-00
a.88E-01 @.643E.e6 0.112E.-0 0.320E.00 0.126E*00 0.668E-00
8.821E-01 6.31E.6S 0.967E-81 0.36E.f0 e.119E.00 0.610E.00
S.756E--1 0.776E-01 e.egSE-01 0.32@E.00 8.113E.-0 13.329.e
9.692F-01 0.19,E.0 0.832E-e G.4 0K-0. 0.107E.00 0.206E.0 r,
0.827E-61 0.2331.78 0.769tE-01 0.206E-0 O.1E-00 0 247E-00 We
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Table A9

C FILENAME: paA,.air
C Propane Jet in Coflowing Air Stream
C Axial Velocity Profile Measured using LDV
C LDV Seed Added to air Stream
C Radial Position, y/D= 0.000
C Bulk Jet Velocity=53 m/s, Jet Reynolds No.=68168
C x/D y/D U mean V mean Urms Vrms UV
C (m/s) (m/s) (m/s) (m/s) (m/s) -2

3.8000 0.0000 65.2396 -0.5639 6.3936 6.2687 8.9503
,.. 4.7000 0.0000 64.7194 -0.7535 6.7425 6.$890 5.7576

5.7000 0.0000 63.5897 -0 5344 7.3678 6.5470 6 1010
6.6000 0.0000 62.0262 -0.6116 7.8428 6.8174 7.1495
3 -1000 0 0000 57 5361 -0.5383 3 3367 ,980 "42

10.3000 0.0000 52.915 -, 259 3 3822 7 -914 4 J029
12 2000 0 0000 48.393' -2179 7)6412 2959
14.1000 0.0000 44.4272 -0.8421 7.5089 6.9365 3.7471
15.9000 0.0000 41.0563 -0.6855 7.2787 6.4547 3.9174
18.7000 0.0000 36.6680 -0,7007 6.6669 5.8410 4.3533
19.7000 0.0000 35.1428 -0.6890 6.3167 5.6242 2.5073
23.4000 0.0100 30.9775 -0.4620 5.5485 4.9818 2.9693
27.2000 0.0100 27.6461 -0.3941 4.8579 4.4990 1.5442
30.8000 0.0000 25.3710 -0.2261 4.2429 4.0077 1.7635
34.5000 0.0000 23.5361 -0.2586 3.65 3.54109 1931
38.1000 0.0100 22.0471 -0 3162 3.4359 3.3322 0 8741
41.8000 0.0000 20.9665 -0.2012 3.1557 3 1654 0.4953
45.4000 . 0.0000 20.1087 -0.2082 2.9383 2.8961 0.8157
49.0000 0.0000 19.2475 -0.2205 2.7487 2.6857 0.4827
52.8000 0.0000 18.4748 -0.2018 2.5170 2.4918 0.5720
56.4000 0.0000 17.9799 -0.1822 2.4092 2.3645 0.4180

63.8000 0.0000 16.9347 -0.1296 2.0768 2.0660 0.4079
71.1000 0.0100 16.1915 -0.i404 1.9158 1.9317 0.1771
78.5000 0.0100 15.4913 -0.2146 1.7349 1.7266 0.2164
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Table AI0

C FILENAME: paxv.jet
C Propane Jet in Coflowing Air Stream
C Axial Velocity Profile Measured using LDV
C LDV Seed Added to jet Stream
C Radial Position, y/D= 0.000
C Bulk Jet Velocity=53 m/s, Jet Reynolds No.=68168

C x/D y/D U mean V mean Urms Vrms UV

C (m/s) (m/s) (m/s) (m/s) (m/s)*2

1.0000 0.0000 69.8761 -0.0786 3.6850 2.4169 1.1256

2.8000 0.0000 69.5874 -0.2318 3.6937 2.6737 1.9098

4.7000 0.0000 68.2228 -0.3877 4.9434 3.5727 4.9724

6.5000 0.0000 65.6946 -0.1103 6.4282 4.6569 8.4324

3.4000 0.0000 51.0932 -0.3367' 7.6296 5.7011 9.4519

10.3000 0.0000 55.5319 -0.6288 7.9649 6.1389 9.9100

12.2000 0.0000 50.9027' -0.2858 7'.7127 6.3279 5.3905

14.0000 0.0000 46.5681 -0.3502 7.2500 5.8519 6.7454

15.1000 0.0000 44.7755 -0.4745 7.1163 5.9168 6.7669

16.0000 0.0000 42.7374 -0.2853 7.1505 5.8593 5,9880

17.8000 0.0000 40.0048 -0.2676 6.5276 5.3797 3.1394

19.7000 0.0000 37.1893 -0.1676 6.3749 5.3501 3.7087

23.4000 0.0000 32.4000 -0.2293 5.7426 4.7658 2.8385

27.1000 0.0000 29.2220 -0.2854 4.9815 4.3537 2.7748

30.8000 0.0000 26.5396 -0.1210 4.5026. 3.8973 1.8360,

34.5000 0.0000 24.4917 -0.1135 4.0838 3.4963 0.5695

38.1000 0.0000 23.1257 -0.1022 3.7545 3.2145 1.0355

41.8000 0.0000 21.7031 -0.2230 3.3196 3.0591 0.6570

45.4000 0.0000 20.5845 -0.0618 3.0585 2.7134 0.5853

49.1000 0,0000 19.8040 0.0006 2.8370 2.6271 0.1253

50.6000 0.0100 19.2527 -0.0437 2.7895 2.5701 0.2474

52.8000 0.0100 19.0490 -0.1068 2.6292 2.4450 0.4107

54.4000 0.0100 18.5281 -0.1601 2.5283 2.3772 0.3503

55.3000 0.0000 18.2617 -0.0721 2.4959 2.3322 0.1257

56.4000 0.0000 18.4889 -0.0470 2.4727 2.3458 0.3905

62.6000 0.0000 17.3547 -0.1399 2.2084 2.0726 0.2010

70.0000 0.0100 16.3415 -0.0773 1.9765 1.8528 0.2479

81.0000 0.0000 15.3957 -0.1158 1.7153 1.6089 0.1163
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Table All

C FILENAME: P15V.AIR
C Propane Jet in Coflowing Air Stream

C Radial Velocity Profile Measured using LDV

C LDV Seed Added to AIR Stream

C Axial Position, x/D= 15

C Bulk Jet Velocity=53 m/s, Jet Reynolds 
No.=68168

C x/D y/D U mean V mean Urms Vrms UV

1C (m/s) (m/s) (m/s) (m/s) (m/s)*2

15.0000 0.1550 42.4248 0.7036 7.3050 6.4240 7.0642

15.0000 0,4550 37.2420 1,1297 7.7935 6.6726 19.9978

15.0000 0.7650 30.0102 1.1623 7.6789 6.3641 22.8278

15,0000 1.0650 23.4409 1.3128 6.9968 5.7734 18.9338

15.0000 1.3650 17.3306 0.8145 5.7541 4.9435 14.1773

15.0000 1.6750 12.1895 0.3100 4.0119 3.4160 6.3022

15.0000 1.9850 9.5587 -0.2285 1.5565 1.8568 0.8466

15.0000 2.2850 9.1358 -0.1834 0.6697 0.9936 0,0074

15.0000 2.6050 9.1639 -0.2006 0.3811 0.5596 -0.0178

15.0000 2.9050 9.1932 -0.1794 0.2668 0.4272 -0.0109

15.0000 3.2050 9.2310 -0.1164 0.2037 0.3783 -0.0085

15.0000 3.5150 9.1977 -0.0088 0.1941 0,3707 -0.0090

15.0000 3.8350 9.2128 0.0616 0.1771 0.3661 -0.0119

15.0000 3.8350 9.2634 -0.0897 0.1803 0.4107 -0.0097

15.0000 4.4350 9.2660 -0.0680 0.1560 0.6243 -0.0040

15.0000 5.0650 9.2684 -0.0057 0.1314 0.5020 -0.0034

15.0000 0.1750 41.8680 0.7693 7.3516 6.5468 9.6179

15.0000 -0.1150 42.6637 0.0097 7.2258 6.4643 -5.9070

15.0000 -0,4150 38.0513 -0.1588 7.8311 6.4767 -19.6830

15.0000 -0.7250 30,5850 -0.0903 7.4299 6.1887 -20.4905

15.0000 -1.0250 24.5866 -0.5314 7.0175 5.7273 -18.8300

15.0000 -1.3350 18.2714 -0.3587 6.0889 5.0277 -14.9174

15.0000 -1.6350 13.2455 0.0396 4.5832 3.8681 -8.5106

15.0000 -1,9450 9.8256 0.3558 2.1933 2.3530 -1.9028

15.0000 -2.2450 9.0347 0.4916 0.8701 1.231,0 -0.1939

15.0000 -2.5550 8.9767 0.4358 0.5005 0.7226 -0.0115

15.0000 -3.1550 9.0641 0.3334 0.3264 0.4600 0.0286

15.0000 -3.7650 9.1236 0.2658 0.2700 0.4235 0.0253

15.0000 -4.3650 9.1779 0.2202 0.2294 0.4140 0.0205

15.0000 -4.9750 9.2236 0.1826 0.2033 0.4648 0.0164

A-lf



Table A12

C FILENAME: P15V.JET
C Propane Jet in Coflowing Air Stream
C Radial Velocity Profile Measured using LDV
C LDV Seed Added to JET Stream
C Axial Position, x/D= 15
C Bulk Jet Velocityu53 m/s, Jet Reynolds No.=68168
C x/D y/D U mean V mean Urms Vrms UV
C (M/3) (M/s) (m/s) (m/s) (m/s).2

15.0000 0.0150 44.8958 0.3321" 7.1771 5.6900 1.4699
15.0000 -0.2850 41.6917 -0.1982 7.3328 5.7329 -9.8240
15.0000 -0.5850 35.3606 -1.1258 7.5711 5.9357 -19.0254
15.0000 -0.9050 28.3497 -1.7782 7.4667 5.6984 -20.0328
15.0000 -1.2050 22.0488 -1.9225 6.5861 5.4641 -16.7067
15.0000 -1.5050 16.5894 -1.6676 5.2386 4.8063 -11.5806
15.0000 -1.8050 12.7360 -1.6399 4.1187 4.1684 -7.5445
15.0000 -2.1150 10.3997 -1.5682 2.9596 3.7210 -4.4139
15.0000 -0.3050 41.8068 -0.2906 7.2741 5.8350 -10.7525
15.0000 -0.0050 44.4876 0.0Q66 6.9647 5.7782 2.5069
15.0000 0.2850 41.6054 1.2090 7.4678 6.0126 12.3282
15.0000 0.5850 35.4018 2.3377 7.6559 6.1897 19.2849
15.0000 0.9050 28.3728 2.6458 7.3572 5.9547 19.1863
i5.0000 1.2050 21.6987 2.7148 6.6111 5.5152 18.5659
15.0000 1.5150 17.0096 2.4776 5.7376 4.9740 12.8629
i5.0000 1.8150 12.8655 1.8684 4.1692 4.!083 5.4024
15.5000 0.0250 45.7245 0.3380 7.3253 6.3931 1.6290

Table. A13

C FILENAME: P30V.AI
C Propane Jet in Coflowing Air Stream
C Radial Velocity Profile Measured using LDV
C LDV Seed Added to AIR Stream
C Axial Position, x/D= 30
C Bulk Jet Velocity=53 m/s, Jet Reynolds No.=68168
C x/D y/D U mean V mean Urms Vrms UV
C (m/s) (m/s) (m/s) (m/s) (m/s) *2

30.0000 0.0850 26.6076 0.3301 4.3296 4.1529 0.3389
30.0000 0.6950 24.7257 0.6135 4.3814 4.1378 4.9881
30.0000 1.2950 21.3149 1.0115 4.5335 4.0665 7.1148
30.0000 1.9050 17.2592 1.0421 4.2815 3.7390 7.2211
30.0000 2.5250 12.9690 0.4241 3.3891 2.9706 4.5069
30.0000 3.1250 10.2722 0.2146 1.9821 1.9909 1.3742
30.0000 3.7550 9.3543 0.0582 0.7139 0.9986 0.1509
30.0000 4.3650 9.2298 0.0455 0.2829 0.5165 -0.0050
30.0000 4.9850 9.2550 0.0644 0.1875 0.4333 -0.0069
30.0000 5.5950 9.2575 0.0693 0.1553 0.4395 -0.0032
30.0000 0.1050 26.8012 0.1783 4.3014 4.0739 1.3339
30.0000 -0.4950 25.7008 0.0003 4.4365 4.1051 -3.1438
30.0000 -1.1050 22.6270 -0.4823 4.5053 3.9823 -5.9391
30.0000 -1.7250 18.5433 -0.5705 4.4719 3.7639 -6.9460
30.0000 -2.3250 14.3543 -0.3657 3.8990 3.2870 -6.1209
30.0000 -2.9250 10.9527 -0.0192 2.5393 2.2627 -2.5119
30.0000 -3.5450 9.3528 0.1309 1.0688 1.3174 -0.3523
30.0000 -4.1450 9.1333 0.1824 0.4224 0.6137 0.0326
30.0000 -4.7450 9.1447 0.1625 0.2702 0.4579 0.0178
30.0000 -5.3450 9.1838 0.1192 0.2148 0.4360 0.0133
30.0000 -0.4950 25.7008 0.0003 4.4365 4.1051 -3.1438
30.0000 0.0000 26.5076 0.0101 4.3265 4.1563 -0.0389
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Table A14

C FILENAME: P3OV.JET
C Propane Jet in Coflowing Air Stream
C Radial Velocity Profile Measured using LDV
C LDV Seed Added to JET Stream
C Axial Position, x/Dz 30
C Bulk Jet Valocity.53 m/s, Jet Reynolds No.=68168
C x/D y/D U mean V mean Urms Vrms UV
C (m/s) (m/s) (M/S) (ms) (m/s)*2

30.0000 -0.3450 27.2156 0.0000 4.2814 3.8927 2.1034
30.0000 -0.2400 27.2156 -0.0403 4.2814 3.8927 0.0024
30.0000 0.0500 27.0278 0.2375 4.3707 3.8306 0.6222
30.0000 0.3600 26.5386 0.9989 4.3840 3.9039 2.5776
30.0000 0.6600 25.2197 1.2639 4.4505 3.9105 3.8157
30.0000 0.9600 23.4739 1.5529 4.3413 3.9492 5.2533
30.0000 1.2600 21.6279 1.8211 4.3746 3.8739 6.0105
30.0000 1.5900 19.9672 2.0547 4.3974 3.8525 6.6033
30.0000 1.8900 18.2087 2.0521 4.2724 3.746r 6.8145
30.0000 2.1900 16.1187 1.8949 4.1540 3.6561 6.5505
30.0000 2.5000 14.6293 1.9700 3.8151 3.5271 5.3436
30.0000 2.8000 12.8444 1.6550 3.4368 3.2732 4.1565
30.0000 3.1100 11.4630 1.4881 3.0249 3.0975 2.9676
30.0000 3.4300 10.4134 1.3571 2.4218 2.9225 2.1307
30.0000 0.0000 27.1907 -0.0020 4.2830 3.8879 -1.3899

- Table A15
C FILENAME: PSOV.AIR
C Propane Jet in Coflowing Air Stream
C Radial Velocity Profile Measured using LDV
C LDV Seed Added to AIR Stream
C Axial Position, x/D= SO
C Bulk Jet Velocity=53 m/s, Jet Reynolds No.=68168
C x/D y/D U mean V mean Urms Vrms UV
C (m/s) (MIs) (m/s) (m/s) (m/s) *2

50.0000 -0.1100 18.7849 0.0053 2.7435 2.6224 0.0608
50.0000 0.1900 18.7530 0.4473 2.7480. 2.6482 0.6790
50.0000 0.5000 18.4087 0.5961 2.7792 2.6364 1.0864
50.0000 0.8000 18.0630 0.5806 2.8101 2.5771 1.5635
50.0000 1.1100 17.4901 0.6553 2.8713 2.6369 2.1513
50.0000 1.4100 16.7726 0.6615 2.9215 2.6520 2.4448
50.0000 1.7300 16.1502 0.7023 2.8293 2.5575 2.4597
50.0000 2.0300 15.2986 0.7395 2.7990 2.4932 2.9519
50.0000 -12.3300 14..5733 0.6266 2.7431 2.5289 2.9431
50.0000 2.9500 13.1313 0.5439 2.4486 2.2577 2.4516
50.0000 3.5700 11.7713 0.5715 2.2131 2.0741 1.9284
50.0000 4.1800 10.5835 0.5817 1.7463 1.7957 1.1288
50.0000 4.8000 9.7917 0.4376 1.2234 1.4879 0.6340
50.0000 5.4300 9.3453 0.2926 0.6810 1.0161 0.1688
50.0000 6.0400 9.2269 0.2184 0.3889 0.8047 0.0294
50.0000 -0.1300 18.6109 0.1291 2.6881 2.6004 -0.0516
50.0000 -0.4300 18.5291 0.1337 2.7752 2.6271 -0.4924
50.0000 -1.0400 17.8554 0.1464 2.8401 2.5591 -1.6071
50.0000 -1.3400 17.1999 0.0893 2.8411 2.6597 -1.9148
50.0000 -1.6400 16.5768 0.0577 2.9007 2.5454 -2.3689
50.0000 -1.9500 15.7972 0.0074 2.8299 2.5086 -2.5002
50.0000 -2.2500 15.1294 -0.0049 2.7524 2.4382 -2.4950
50.0000 -2.8600 13.6983 -0.1072 2.5779 2.3118 -2.3464
50.0000 -3.4700 12.1495 0.0462 2.2314 1.9852 -1.9009
50.0000 -4.0800 10.8638 0.0844 1,8478 1.6999 -1.1813
50.0000 -4.6800 9.8600 0.1042 1.2475 1.2772 -0.4653
50.0000 -5.2800 9.3236 0,0941 0.6848 0.9738 -0.1132
50.0000 0.0000 18.7670 0.0273 2.7451 2.6382 0.0790
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Table A16

C FILENAME: P50V.JET
C Propane Jet in Coflowing Air Stream
C Radial Velocity Profile Measured using LDV
C LDV Seed Added to JET Stream
C Axial Position, x/D= 50
C Bulk Jet Velocity=53 m/s, Jet Reynolds No.=68168 w
C x/D y/D U mean V mean Urms Vrms U V
C (m/s) (m/s) (m/s) (m/s) (m/s) *2

50.0000 -0.2800 19.5020 0.1147 2.7520 2.6558 -0.5740
50.0000 0.3100 19.4254 0.4463 2.7791 2.z906 0. 6016
50 0000 0.9100 18.3203 0.6928 2.8733 2 6149 1.7379
50.0000 1.5400 17.5486 0.9799 2.)073 28 658 2.7.i
0 00() 2 1.00 1.5 "826 1.0816 2 ?628 -. 640 2 022
50.0000 2 7500 14 0541 ' 1207 2.0715 2 .gY b 42
50.0000 >3 800 33956 i .0006 2 .5880 2.4538 " 5852
50.0000 3 9800 11.7163 0.9465 2.2154 2.2532 1.6313 0
50.0000 4.6100 10.6926 1.1179 i.9129 2.1780 1 3707
50 0000 5.2300 9.7792 0.9998 1.5184 1.9197 0.6499
50.0000 -0.8800 18.9680 -0.1716 2.8687 2.5824 -I.5015
50.0000 -1.4800 17.8127 -0.4184 2.8871 2.5024 -2.4553
50.0000 -2.0900 16.2354 -0.5340 2.8732 2.4690 -2.1515
50.0000 -2.7000 14.7201 -0.7544 2.6978 2.5087 -2.2700
50.0000 -3.3100 13.4741 -0.7233 2.5164 2.3499 -2.1901
50.0000 -3.9100 11.9933 -0.8051 2.4017 2.1370 -1.7562
50.0000 -4.5200 10.9573 -0.7901 1.8995 2.0654 -1.3796
50.0000 -5.1)00 10.1046 -0.6248 1.6842 1.7819 -0.9179 p
50.0000 -5.7200 9.5009 -0.8493 1.4205 1.6759 -0 6937
50.0000 0.0000 19.4654 0.0463 2.7691 2-6204 0.0316

j.
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Table Al7

FILENAME: P30AO6.PDF
C Propane Jet in Coflowing Air Stream
C PDF of Velocity Measured using LDV
C LDV Seed Added to AIR Stream
C Radial Profile, Axial Position, x!D= 30.00
C Bulk Jet Velocity=53 m/s, Jet Reynolds No.=68168
C Coflowing Air Velocity=9.2 m/s
C
C y/D= 3.13
C u P(u) v P(v)
0.158E+02 0.107E-02 0.579E+01 0.158E-02
0. 154E+02 0. 406E-02 0. 539E+01 0.620E-02
0.150E+02 0.868E-02 0.499E.01 0.120E-01
0.'146E-02 0 !08E-01 0.459E.01 0180E-01
0. 42102 JY57E-01 0.420E-01 0.197E-01
O.138E 02 0 201E-01 0 380E-01 0.253E-01
0.134E+02 0.269E-01 0.340E.01 0.287E-01
0.131E-02 0.303E-01 0.300E+01 0.353E-01
O.126E.02 0.442E-C 0.260E+01 0.461E-01

0.123E+02 0.485E-01 0.220E.01 0.541E-01
0.119E02 0.511E-01 0.181E.01 0.686E-01
0.115E+02 0.685E-01 0.141E*01 0.114E+00
0.111E+02 0.797E-01 0.101E+01 0.157E+00
0.107E 02 0.160E-00 0.613E-00 0.196E 00
0.103E,02 0.306E+00 0.215E*00 0.320E 00
0.988E,01 0.464E+00 -. 184E+00 0.394E+00
0.948E+01 0.509E*00 -. 582E 00 0.310E+00
0.908E+01 0.320E.00 -. 980E+00 0.244E 00
0.869E.01 0.141E+00 -.138E.01 0.175E+00
0.829E+01 0.884E-01 -.178E+01 0.935E-01
0.789E+01 0.381E-01 -.217E+01 0.566E-01
0.750E,01 0.208E-01 -.257E+01 0.386E-01
0.710E.01 0.113E-01 -.297E-01 0.240E-01
0.670E 01 0.260E-02 -.337E+01 0.172E-01
0.631E+01 0.780E-02 -.377E-01 0.180E-01
0.591E 01 0.347E-02 -.416E.01 0.944E-02
0.551E 01 O.OOOE0O -.456E+01 0.343E-02
0.512E+01 O.OOOE+O0 -.496E,01 0.429E-02
0.472E 01 0.173E-02 -.536E*01 0.858E-03
0.433E+01 0.OOOE.00 -.576E+01 0.172E-02

Al5



Table &18

FILENAML. P30A5 .POF
C Propane Jet in Cof lowing Air Stream
C PDF of Velo I ty Measured us Ing LDV
C LDV Seed Added to AIR Stream
C Radial Profile, Axial Position, x/D= 30.00
C Bulk Jet Velocity=53 m/s, Jet Reynolds No.=68168
C Cof lowing Air Velocity=9.2 rn/s
C
C y/D= 2.53

c uP(u) v P(V) "

0.225E*02 0.455E-03 0.874E+01 0.102E-02
0.2leE*02 0.74SE-02 0 815E+01 0.439E-02
0.211E'.02 0.139E-01 0.75SE-01 0.!01E-01
0.204E+02 0.183E-01 0.696E+.01 0.159E-01
0.198E-02 0 223E-01 S 536E-01 0 2-16E-01
0.191E+02 0.258E-01 0.577E-01 0.258E-01
0.184E-02 0.308E-01 0.518E+01 0.301E-01

0.170E+02 0.432E-01 0.399E+010.9E1

0.157E+02 0.601E-01 0.280E+01 0.63E-01

0.150E#02 O.67SE-O1 O.221E*01 0.710E-01
I0.143E,,02 0.710E-01 0.161E+01 0.973E-01

0.136E+02 O.835E-01 0. 102E+01 0.130E.00
0.130E.02L 0.102E+00 0.424'E.00 0.14aE+00
0.123E*02 0.116E+00 -.170E.00 0.180E+00
0.116E+02 0.141E+00 -.764E.00 0.196E+00
0.109E+02 0.181E+00 - .136E+01 0.176E+00
0.103E+02 0.167E+00 -.1.95E+01 0.132E+00
0.958E+01 0.130E+00 -.255E.O1 0.835E-01
0.890E-~01 0.616E-01 - .314E+01 0.642E-01
O.822E.01 0.303E-01 - .373E+01 0.409E-01"'
0.755E+01 0,844E-02 -.433E+01 0.170E-01
0.687E+01 0.397E-02 - .492E+01 0.909E-02I0.619E+01 O.OOOE.0O -.552E+01 0.148E-01
O.561E+01 0.298E-02 - .611E+01 0.454E-02
0.484E#01 0.OOOE.0O - .670E*O1 0.227E-02
0.416E+01 O.OOOE+O0 - .730E+01 0.284E-02
0.348E+01 O.OOOE*0O -.789E+01 0.170E-02
0.280E.01 O.OOOE.0O - .849E+01 0.OOOE.0O

A-i16
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Table A19

FILENAME. P3OAO4.PDF
C Propane Jet in Coflowing Air Stream
C PDF of Velocity Measured using LDV
C LDV Seed Added to AIR Stream
C Radial Profile, Axial Position, x/D= 30.00
C Bulk Jet Velocity=53 m/s, Jet Reynolds No.=68168
C Coflowing Air Velocity=9.2 m/s
C
C y/D= 1.90
C u P(U) V PY
0.293E+02 0.196E-02 0.115E+02 0.359E-02

3284E -02 J. L!E-,2 .. 08E-02
NN 0O.27SE,02 0.153E-0" 0.OE-02 0.112E-0j

2.67E-02 " 62E-,J2 2'7-1 *- - -, 
0-258E02 0 153E-Oi O.352E-01 0. 70E-01
0.250E 02 0.184E-01 0.777E-01 0.i97E-01
0.241E-02 0.280E-31 0.702E-01 0.230E-01
0. 223E-02 0. 356E-0! 0.628E 01 0. 336E-01
0.224E+02 0.458E-01 0.653E+01 0.451E-01
O.215E.02 0.545E-01 0.478E+01 0.529E-01
0.207E.02 0.638E-01 0.403E+01 0.583E-01
0.198E-02 0.705E-01 0.329E-01 0.744E-01
0.190E*02 0,782E-01 0 254E-01 0.852E-01
0.181E-02 0 8$5E-01 0.179E+01 0.976E-01
0.173E*02 0,887E-01 0.104E-01 0.107E 00
0.164E+02 0.893E-01 0.294E+00 0.114E 00

A 0.156E+02 0 865E-01 -.454E+00 0.118E+00
0.147E*02 0.792E-01 -.120E+01 0.114E*00
0.138E+02 0.725E-C1 -.195E+01 0.969E-01
0.130E 02 0.621E-01 -.270E.01 0.843E-01
0.121E+02 0.528E-01 -.344E.01 0.520E-01
0.113E+02 0.431E-01 -.419E+01 0.359E-01
0.104E 02 0 278E-01 -.494E-01 0.282E-01
o.955E 01 0.11OE-01 -.569E01 O.75E-01
0.870E+01 0.940E-02 -. 644E.01 0.628E-02
0.784E.01 0.196E-02 -. 718E.01 0.717E-02
0.698E+01 0.235E-02 -. 793E.01 0.269E-02
0.613E+01 0.000E+00 -.868E*01 0.134E-02
0.527E+01 0.392E-03 -.943E+01 0.448E-03
0.441E 01 0.O00E+O0 -.102E.02 0.897E-03
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Table A20

FILENAME: P3OAO1.PDF
C Propane Jet in Coflowing Air Stream
C PDF of Velocity Measured using LDV
C LDV Seed Added to AIR Stream
C Radial Profile, Axial Position, x/D= 30.00
C Bulk Jet Velocity=53 m/s, Jet Reynolds No.=68168
C Coflowing Air Velocity=9.2 m/s
C
C ylD= 0.09
C u P(u) v P(v)

0 387E-02 0. 54E-02 0.120E-02 0.241E-02
0.379E 02 0.308E-02 0.111E-02 0.282E-02
0.70E 02 0.463E-02 0.i03E.02 0 483E-02
0.361E.02 0 '908E-,)2 0.947E.01 0. 21E-01
0.353E-02 0 139E-0l J.864E O1 0. 157E-01
0. 344E- 02 0-:89E-01 0. 780E-01 0.221E-1
0.335E.02 0-285E-01 0-697E 01 0.266E-01
0.327E.02 0.378E-01 0.614E 01 0.342E-01
0.318E+02 0.478E-01 0.531E+O 0451-01 l-
0.309E+02 0.543E-01 0.448E.01 0.541E-01
0.301E+02 0.648E-01 0.365E.01 0.662E-01
0.292E+02 0.748E-01 0.282E.01 0.745E-01
0,283E+02 0-851E-01 0.199F.01 0.317E-01
0.275E+02 0.964E-01 0.116E 01 0.936E-01
0.266E+02 0.996E-01 0.330E 00 0.984E-01
0.257E+02 0.960E-01 -.501E-00 0.102E 00
0.249E+02 0.906E-01 -.133E.01 0.986E-01
0.240E+02 0.798E-01 -.216E+01 0.890E-01
0.231E 02 0.582E-01 -.299E+01 0.668E-01
0.223E+02 0.509E-01 -.382E 01 0.503E-01
0.214E 02 0.493E-01 -.465E 01 0.431E-01
0.205E+02 0.358E-01 -.548E*01 0.321E-01
0.197E+02 0.246E-01 -.632E+01 0.229E-01
0.188E+02 0.139E-01 -.714E*01 0.165E-01
0.180E 02 0.113E-01 -.798E.01 0 133E-01,
0.171E+02 0.771E-02 -.881E 01 0.725E-02
0,162E+02 0,505E-02 -.964E+01 0.563E-02
0.154E 02 0.771E-03 -.105E+02 0.443E-02
0.145E+02 0.116E-02 -.113E.02 0.161E-02
0.136E+02 0.154E-02 -.121E.02 0.80SE-03

rz
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Table A21

FILENAME: P30J12.PDF
C Propane Jet in Coflowing Air Stream
C PDF of Velocity Measured using LDV
C LDV Seed Added to JET Stream
C Radial Profile, Axial Position, x/D= 30.00
C Bulk Jet Velocity=53 m/s, Jet Reynolds No.=68168
C Coflowing Air Velocity=g.2 m/s
C
C y/D= 3.11
C u P(u) v P(v)
0.199E 02 0.357E-02 -.732E+01 0.162E-02
0 193E 02 O."OOE-01 - 670E01 0.108E-02

- 0.187E+02 0.132E-01 -.608E 01 0.595E-02
3 31E -02 ). ..9SE-O.l -.34bE-61 O .33E-.2
0.175E 02 0.240E-01 -.484E-01 0 130E-O1
0.169E+02 0.292E-01 -.422E.01 0.222E-01
0 163E+02 0.321E-01 -.360E+01 0-227E-01
0.157E+02 0.361E-01 -.298E+01 0.330E-01"-

0.151E-02 0.39SE-01 -.236E+01 0,590E-01,_

0.145E+02 0.494E-01 -.174E+01 0.844E-01
0.139E+02 o.59OE-01 -.112E+01 0.119E+00
0.133E*02 0.746E-01 - 500E+00 O.157E+00
0.127E+02 0.891E-01 0.119E+00 0.167E+00
0.121E+02 0.102E+00 0.739E+O0) 0.153E 00
O.115E-02 0.124E 00 0.136E+01 0.139E+00
0.109E.02 0.138E 00 0.198E+01 0.112E*00
0.103E.02 0.169E.00 0.260E+01 0.910E-01
0.965E+01 0.213E+00 0.322E 01 0.770E-01
0.904E+01 0.172E 00 0.384E 01 0.611E-01
0.844E+01 0.130E+00 0.446E+01 0.514E-01
0.783E+01 0.557E-01 0.507E+01 0.474E-01
0.723E.O1 0.290E-01 0.570E+01 0.406E-01
0.662E+01 0.1SOE-01 0.631E+01 0.340E-01
0.602E+01 0.835E-02 0.693E+01 0.286E-01
0.541E.01 0.334E-02 0.755E+01 0.206E-01
0.481E 01 0.111E-02 0.817E.01 0.135E-01
0.420E+01 O.OOOE.00 0.879E+01 0.1192-01
0.360E*01 O.O0OE 00 0.941E+01 0.714E-02
0.299E O1 0.O00E+00 0,100E+02 0.271E-02
0.239E.01 O.OOOE.00 0.106E+02 0.329E-03

A-1.
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Table A22

FILENAME: P30JlO.PDF
C Propane Jet in Coflowing Air Stream
C PDF of Velocity Measured using LDV
C LDV Seed Added to JET Stream
C Radial Profile, Axial Position, x/O= 30.00
C Bulk Jet Velocity=53 m/s, Jet Reynolds No.=68168
C Coflowing Air Velocity=9.2 ir/s
C
C y/D= 2.50
C u P(u) v P(v)
0.253E+02 0.516E-03 -.791E+01 0.475E-03
0.245E+02 0.308E-02 -.720E+01 0.332E-02
0.238E+02 3.659E-02 -.649E.01 0.380E-02
0.230E+02 0 114E-01 - 579E-01 0.617E-02
J.223E-02 0.207E-01 -.508E 01 O.109E-01
0.215E*02 0.255E-01 .-.438Es01 0.142E-01
0.207E+02 0.32SE-01 -.367E+01 0.261E-01
0.200E+02 0.395E-01 -.297E.01 0.394E-01
0.192E+02 0.448E-01 -.226E*01 0.69SE-01
0.184E+02 0.536E-01 -.156E+01 0.835E-01
0.177E.02 0.593E-01 -.852E 00 0.959E-01
0.169E+02 0.693E-01 -.146E.00 0.108E00
0.162E+02 0.771E-01 0.559E00 0.117E+00
0.154E.02 0.848E-01 0.126E+01 0.124E+00
0.146E+02 0.945E-01 0.197E+01 0.119E*00
0.139E+02 O.993E-01 0.267E 01 0.112E.00
0.131E+02 0.104E 00 0.338E+01 0.970E-01
0.123E+02 0.108E+00 0.409E.01 0.845E-01
0.116E+02 0.I01E+00 0.479E+01 0.721E-01
0.108E+02 0.932E-01 0.550E 01 0.617E-01
0.1OIE.02 0.809E-01 0.620E+01 0.551E-01
0.929E+01 0.50SE-01 0.691E.01 0.422E-01
0.852E+01 0.264E-01 0.761E+01 0.270E-01
0.776E+01 0.105E-01 0.832E+01 0.237E-01
0.700E+01 0.440E-02 0.902E+01 0.188E-01
0.624E+01 0.176E-02 0.973E+01 0.124E-01
0.547E+01 0.439E-03 0.104E+02 0.949E-02
0.471E+01 O.OOOE O0 0.111E.02 0.617E-02
0.395E+01 O.OOOE,00 0.119E+02 0.190E-02
0.318E 01 O.OOOE.00 0.126E+02 0.848E-03
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Table A23

FILENAME: P30JO8.PDF
C Propane Jet in Coflowing Air Stream
C PDF of Velocity Measured using LDV
C LDV Seed Added to JET Stream
C Radial Profile, Axial Position, x/D= 30.00
C Bulk Jet Velocity=53 m/s, Jet Reynolds No.=68168
C Coflowing Air Velocity=9.2 m/s
C
C y/D= 1.89
C u P(u) v P(v)
0.302E+02 0.274E-02 -.844E-01 0.178E-02
0.293E>02 0.391E-C2 - .769E-01 0.268E-02
3. 285E-2 >.4,E -.32 - . i94E-G1 .'I E,32
0.276E-02 0.12!E-0I - 5!9E-01 -.580E-02
3'-SSD , ....- ,A - C44 ,I C.,::4 -,j
0 .259E 02 227 E- - 469E-01 j 4 E
0.250E-02 0.276E-01 -.394E+01 0.281E-01
0.242E-02 3.325E-01 - 319E-01 0.455E-01
0.233E 02 0.387E-01 -.244E+01 0.580E-01
0.225E 02 0.509E-01 -. 170E 01 0.704E-01
0.216E+02 0.602E-01 -.945E+00 0.825E-01
0.208E*02 0.649E-01 -.196E 00 0.946E-01
0.199E+02 0.760E-01 0.553E+00 0.994E-01
0.191E*02 0.851E-01 0.130E-01 0.106E 00
0. 182E+02 0.889E-01 0.205E+01 0.103E+00
0. 174E+02 0.926E-01 0.280E-01 0.982E-01
0.16SE 02 0-884E-01 0.3SSE 01 0.950E-01
0.156E+02 0.778E-01 0.430E*01 0.834E-01
0.148E+02 0.680E-01 0.505E+01 0.746E-01
0.139E+02 0.594E-01 0.580E+01 0.627E-01
0.131E 02 0.541E-01 0.655E.01 0.505E-01
0.122E+02 0.457E-01 0.730E 01 0.379E-01
0.114E 02 0.329E-01 0.805E+01 0.268E-01
0.105E 02 0.188E-01 0.880E.01 0201E-01
0.966E.01 0.821E-02 0.955E 01 0. 129E-01
0.881E 01 0.274E-02 0.103E.02 0.129E-01
0.795E 01 0.313E-02 0.11OE 02 0.937E-02
0.710E.01 0.782E-03 0.118E+02 0.535E-02
0.625E.01 O.OOOE 00 0.125E+02 0.312E-02
0.539E01 O.OOOE 00 0.133E 02 0.223E-02

A-21



U

Table A24

FILENAME: P30JO2.PDF
C Propane Jet in Coflowing Air Stream
C PDF of Velocity Measured using LDV
C LDV Seed Added to JET Stream
C Radial Profile, Axial Position, x/D= 30.00
C Bulk Jet Velocity=53 m/s, Jet Reynolds No.=68168
C Coflowing Air Veioc:ty=9.2 m/s
C
C y/O- 0.05
C u P(u) v P(v)
0.393E+02 0.306E-02 - .1O1E 02 0.131E-02
0.384E+02 0 153E-02 -.932E+01 0.392E-02
0.375E -O 2. 2 68E- -2 - 356E-01 )J 572E-,J2
0.366E 02 0.459E-02 -.779E+01 0.872E-02
,). S5ZE-,2 .) IgE-*,i - '02E-61 )-5 E-,5
0.349E 02 0 195E--1 -.526E+01 0.22.E-01
0.340E 02 0,249E-01 -.549E-01 0.266E-01
0.332E-02 0.221E-01 -.472E.01 0.386E-01
0.323E.02 0.439E-01 -.396E-01 0.510E-01
0.314E+02 0.538E-01 -.319E01 C'.538E-01 -
0.305E+02 0.609E-01 -.243E+0I 0.785E-01
0.296E+02 0.692E-01 - .166E+01 0.893E-01
0.288E-02 0.822E-01 -.895E*00 0.982E-01
0.279E*02 0O.910E-01 -.129E.00 0.104E.00
0.270E+02 0.960E-01 0.637E+00 0.104E+00
0.261E 02 0.932E-01 0.140E+01 0.967E-01
0.253E 02 0.861E-01 0.217E+01 0.901E-01
0.244E+02 0.776E-01 0.294E+01 0.800E-01

0.235E+02 0.647E-01 0.370E.01 0.691E-01
0.227E+02 0.532E-01 0.447E+01 0.597E-01
0.218E+02 0.437E-01 0.523E+01 0.480E-01
0.209E.02 0.371E-01 0.600E+01 0.349E-01
0.200E+02 0.268E-01 0.677E+01 0.285E-01
0.192E*02 0.208E-0i 0.753E+01 0.214E-01
0.183E.02 0.127E-01 0.830E 01 0.122E-01
0.174E.02 0.865E-02 0.906E+01 0.100E-O1
0.165E+02 0. 495E-02 0. 983E+01 0.829E-02
0.157E+02 0. 306E-02 0. 106E+02 0.567E-02
0.148E+02 0.153E-02 0.114E.02 0.174E-02
0.139E+02 0.115E-02 0.121E*02 0.218E-02
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APPENDIX B-1

SUMMARY OF SANDIA-LIVERMORE DATA

Experimental Facility

These data were obtained in the Turbulent Combustion Tunnel -

Facility which is located at the Combustion Research Facility of Sandia

National Laboratories, Livermore, California. The data base is formally

documented in Dibble et al. (1985a) and Dibble et al. (1985b), both of which

are availabel from NTIS Papers presented and published as a result of this

work are listed in Table 3 under "Sandia-Livermor- Studies (vertical

:unnefl).

ExDerimental Configuration

The measurements were made in a forced draft vertical wind tunnel

with an axisymmetric fuel jet located at the upstream end of a test section

(Figure B. 1). The fully windowed test section is 200 cm long. with a 300 mm-

square cross section. The test section empties into an exhatst hood which

draws air from the room in addition to flow from the test section. The fuel

nozzle consists of two concentric tubes with an inside diameter d of 5.2 mm
and an outside diameter of 9.5 mm; the tube walls are 0.7 mm thick. The

p annular void region has no gas flow. The fuel tube is straight for more than

500 diameters. The coflow air originates from the building air-conditioning

'S and is therefore at a consistent temperature and humidity (T 20 + 2'C, RHp.

A =31 +9%).

--
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Test Conditions
Data are provided for the three cases presented in Table B-I. The

Table B. 1
Test Cases

Jet Reynolds Jet Velocity Coflow Air Velocity

Case Number (ms) (ms)

A 9,000 75 9.2

1 t8,000 150 9.2

Y27.000 225 .1

-fuel mixture injected through the jet is 22 mole percent argon-in-hydrogen.

The fuel has a density of 0.421 kg/m 3 and viscosity of 186 micro-Poise (180
10- 7 kg/m/s) at 300 K and on- atmosphere. The jet Reynolds number

tabulated above is based on the pipe inside. diameter, the bulk fuel velocity,

and the above referenced density and viscosity. A listing of the equilibrium

temperature, concentrations, and physical properties of this fuel mixed with

air is given in Table B.2. The tunnel is operated at atmospheric pressure.

Inlet and Boundary Conditions

The radial profile of coflow air velocity at the nozzle plane (x/d = 0)

was measured with a hot-wire anemometer (Data FILENAME "INPUT."). A

6 mm and 8 mm boundary layer resides on the test section walls and on the

outer wall of the fuel tube respectively.

The length of the straight fuel tube (500 diameters) allows the
assumption of a developed velocity profile in the fuel tube. The axial

pressure gradient dp/dx in the wind tunnel is 6 Pascals/meter. This gradient
is determined by measuring, with a capacitance manometer (Validyne Model

DPI03-18), the pressure drop between a pressure tap at thenozzle plane (x/d

0), and at the exit of the test section, which is located two meters from

B-3



Table B.2
Equilibrium Temperatures, Concentrations, and Fuel Properties

of 22%, by mole, Argon-in-Hydrogen

CGS
Fmass Zatomic RHO RHO/RHOo KELVINS VISCOSITY FUEL/AIR

0.0000 0.0000 1.1720 1.0000 300. 1.867E-04 0.OOOE+0
0.0043 0.0107 0.9279 0.7920 378. 2.200E-04 1.215E-02
0.0088 0.0214 0.7673 0.6549 456. 2.505E-04 2.459E-02
0.0132 0.0322 0.6539 0.5581 533. 2.789E-04 3.734E-02
0.0178 0.0430 0.5698 0.4863 610. 3.055E-04 5.042E-02
0.0224 0.0538 0.5049 0.4309 686. 3.307E-04 6.383E-02
0.0271 0.0646 0.4534 0.3870 761. 3.546E-04 7.759E-02
0.0319 0.0755 0.4115 0.3512 836. 3.775E-04 9.170E-02
0.0367 0.0864 0.3767 0.3216 910. 3.99SE-04 1.062E-01
0.0417 0.0973 0.3474 0.2196S 98.4. 4.208E-04 1.211E401
0.0467 0.1082 0.3222 0.27w:j 1057. 4.414E-04 1.364E-01
0.0518 0.1192 0.3004 0.24,44 1130. 4.615E-04 1.521E-01
0.057-0 0.1302, 0.2813 0.2401 1202. 4.312E-.04 1-682E-01
0.0622 0.1413 0.2644 0.2257 1274. 5.004E-04 1.848E-01
0.0676 0.15S23' 0. 494. 0.2128 1346. 5.193E-04. 2.019E-01.
0.0731 0.1634 0.2359 0.2013 1418. 5.379E-04 2.195E-01
0.0786 0.1746 0.2237 0.1910 1490. 5'.561E.-04 2.376E-01
0.0843. 0.1857 0.2127 0.1816 1561. S.741E-04 2.S63E-O1
0.0900 0.1969 0.2027 0.1730 1632. 5*919E-04 2.755E-1
0.0959 0.2081 0.1936 0.1652 1702. 6.094E-04 2.953E-01
0.1019 0.2194 0.1852 0.1581 1772. 6.266E-04 3.18E-01
0.1079 0.2307 0.1775 0.1515 1842. 6.436E-04 3.369E-01
0.1141 0.2420 0.1704 0.1455 1910. 6.603E-04 3.587E-01
0.1204 0.2S33 0.1639 0.1399 1977. 6.766E-04 3.812E-01
0.1268 0.2647 0.1579 0.1348 2044. 6.926E-04 4.048E-01
0.1334 0.2761 0.1524 0.1301 2108. 7.081E-04 4.286E-01
0.1491 0.3028 0.1413 0.1206 2246. 7.413E-04 4.881E-01
0.1656 0.3298 0.1338 0.1142 2332. 7.624E-04 S.52E-01
0.1829 0.3568 0.1320 0.1127 2301. 7.561E-04 6.234E-01
0.2010 0.3841 0.1320 0.1126 2234. 7.416E-04 7.007E-01
0.2201 0.411S 0.1323 0.1129 2161. 7.256E-04 7.857E-01
0.2401 0.4391 0.1328 0.1134 2085. 7.087E-04 8.797E-01
0.2611 0.4669 0.1337 0.1141 2006. 6.909E-04 9.841E-01
0.2833 0.4949 0.1347 0.1150 1926. 6.723E-04 1.101E+00
0.3068 0.5230 0.1361 0.1161 1843. 6.529E-04 1.232E+00
0.3315 0.5514 0.1377 0.1176 1759. 6.327E-04 1.381E+00
0.3577 0.5799 0.1398 0.1193 1673. 6.117E-04 1.551E+00
0.3856 0.6086 0.1423 0.1214 1585. 7.898E-04 1.747E+00
0.4151 0.6375 0.1453 0.1240 1496. 5.670E-04 1.976E-00
0.4466 0.6666 0.1489 0.1271 1405. 5.433E-04 2.247E+00
0.4801 0.6959 0.1534 0.1309 1312. 5.186E-04 2.571E-00
0.5160 0.7254 0.1588 0.1355 1217. 4.927E-04 2.968E-00
0.5544 0.7551 0.1655 0.1412 1121. 4.6E-04 3.464E-00
0.5967 0.7850 0.1738 0.1484 1023. 4.370E-04 4.102E-00
0.6401 0.8151 0.1844 01574 923. 4.071E-04 4.952E+00
0.6881 0.8454 0.1981 0.1691 821. 3.754E-04 6.143E+00
0.7401 0.8759 0.2162 0.1845 718. 3.420E-04 7.929E+00
0.7966 0.9066 0.2408 0.2056 614. 3.066E-04 1.090E 01
0.582 0.9375 0.2759 0.2355 509. 2.690E-04 1.686E+01
0.9257 0.9686 0.3294 0.2812 405. 2.28E-04 3.471E+01
1.0000 1.0000 0.4208 0.3591 300. 1.840E-04 1-0OE.04
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Table B.2 (continued)

Fmass KELVINS N2 02 H2 H20 ARGON
0.0000 300. 7.900E-01 2.100E-01 O.O00E+00 0.O00E+00 0.O00E+00
0.0043 378. 6.229E-01 1.619E-01 O.O00E+00 7.470E-03 2.107E-03
0.0088 456. 5.128E-01 1.301E-01 O.OOOE.00 1.245E-02 3.512E-03
0.0132 533. 4.351E-01 1.076E-01 1.766E-23 1.604E-02 4.525E-03
0.0178 610. 3.774E-01 9.094E-02 2.196E-20 1.878E-02 5.298E-03
0.0224 686. 3.328E-01 7.799E-02 5.383E-18 2.097E-02 5.917E-03
0.0271 761. 2.974E-01 6.766E-02 4.262E-16 2.27SE-02 6.427E-03
0.0319 836. 2.686E-01 5.924E-02 1.51OE-14 2.432E-02 6.862E-03
0.0367 910. 2.447E-01 5.221E-02 2.941E-13 2.566E-02 7.236E-03
0.0417 984. 2.245E-01 4.626E-02 3.637E-12 2.683E-02 7 .567E-03
0.0467 1057. 2.071E-01 4.111E-02 3.160E-11 2.788E-02 7 .864E-03
0.0518 1130. 1,920E-01 3.662E-02 2.074E-10 2.881E-02 8.132E-03
0.0570 1202. 1.789E-01 3.271E-02 1.086E-09 2.971E-02 8.379E-03
0.0622 1274. 1.672E-01 2.919E-02 4.714E-09 3.053E-02 8.607E-03
0.0676 1346. 1.568E-01 2.606E-02 1.753E-08 3.126E-02 8.318E03
0.0731 1418. 1.474E-01 2.322E-02 5.721E-08 3.196E-02 9.014E-03
0.0786 1490. 1.390E-01 2.064E-02 i.72E-07 3.259E-02 g.196E-0J3
0.0843 1561. 1.313E-01 1.829E-02 4.447E-07 3.322E-02 9.374E-03
0.0900 1632. 1.244E-01 1.613E-02 1.090E-06 3.380E-02 9.542E-03
0.0959 1702. 1.180E-01 1.415E-02 2.493E-06 3.438E-02 9.707E-03
0.1019 1772. 1.122E-01 1.230E-02 5.360E-06 3.490E-02 9.863E-03
0.1079 1842. 1.067E-01 1.058E-02 1.092E-05 3.542E-02 1.001E-02
0.1141 1910. 1.018E-01 8.984E-03 2.127E-0S 3..592E-02 1.017E-02
0.1204 1977. 9.723E-02 7.485E-03 3-983E-05 3.640E-02 1.032E-02
0.1268 2044. 9.294E-02 6.075E-03 7.224E-05 3.685E-02 1.047E-02
0.1334 2108. 8 .902E-02 4.758E-03 1.277E-04 3.730E-02 1.062E-02
0.1491 2246. 8.10SE-02 2.060E-03 4.658E-04 3.821E-02 1.102E-02
0.1656 2332. 7.527E-02 3.189E-04 1.950E-03 3.875E-02 1.159E-02
0.1829 2301. 7.272E-02 2.224E-05 6.149E-03 3.834E-02 1.263E-02
0.2010 2234. 7.109E-02 2.953E-06 1.133E-02 3.765E-02 1.388E-02
0.2201 2161. 6.956E-02 5.255E-07 1.690E-02 3.691E-02 1.522E-02
0.2401 2085. 6.805E-02 1-024E-07 2.286E-02 3.616E-02 1.667E-02
0.2611 2006. 6.659E-02 2-002E-08 2.925E-02 3.538E-02 1.825E-02
0.2833 1926. 6.508E-02 3.702E-09 3.610E-02 3.459E-02 1.996E-02
0.3068 1843. 6.360E-02 6.232E-10 4.354E-02 3.382E-02 2.182E-02
0.3315 1759. 6.208E-02 9.191E-11 5.163E-02 3.300E-02 2.387E-02
0.3577 1673. 6.052E-02 1.145E-11 6.050E-02 3.218E-02 2.615E-02
0.3856 1585. 5.896E-02 .1.153E-12 7.036E-02 3.134E-02 2.868E-02
0.4151 1496. 5.729E-02 8.913E-14 8.132E-02 3.045E-02 3.153E-02
0.4466 1405. 5.556E-02 4.958E-15 9.373E-02 2.954E-02 3.477E-02
0.4801 1312. 5.375E-02 1.822E-16 1.079E-01 2.857E-02 3.850E-02
0.5160 1217. 5.183E-02 3.948E-18 1.244E-01 2.757E-02 4.286E-02
0.5544 1121. 4.971E-02 4.313E-20 1.436E-01 2.643E-02 4.795E-02
0.5957 1023. 4.738E-02 1.902E-22 1.667E-01 2.518E-02 5.412E-02
0.6401 923. 4.475E-02 2.472E-25 1.950E-01 2.379E-02 6.170E-02
0.6881 821. 4.168E-02 0.OOOE 00 2.305E-01 2.215E-02 7.126E-02
0.7401 718. 3.789E-02 0.OOOE+00 2.765E-01 2.014E-02 8.367E-02
0.7966 614. 3.303E-02 O.OOOE 00 3.380E-01 1.756E-02 1.003E-01
0.8582 509. 2.638E-02 0.OOOE+00 4.249E-01 1.402E-02 1.238E-01
0.9257 405. 1.650E-02 0.O00E 00 5.566E-01 8.770E-03 1.595E-01
1.0000 300. O.OOOE 00 0.OOOE+00 7.800E-01 O.OOOE+00 2.200E-01
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Table B.2 (concluded)

Fass KELVINS 0 H OH RAY* RHO/RAY "3

0.0000 300. O.OOOEO0 0.OE00 O.OOE.O0 1.003E.00 9.96E-O1

0.0043 378. O.OGOE00 o.OOOE 0 3.148E-22 1.002E-00 9.956E-01

0.0088 456. 9 276E-27 0.O00E+O0 2.32,E-18 9.994E-01 9.946E-01

0.0132 533. 1 149E-22 0.O00E#00 1.183E-15 9.975E-01 9.933E-01

0.0178 610. 1.235E-19 9.542E-27 1.183E-13 9.95SE-01 9.921E-01

0.0224 686. 2.657E-17 1.7S4E-23 4.082E-12 9.935E-01 9.910E-01
0 0271 761. 1.860E-15 6.841E-21 6.719E-11 9.914E-01 9.900E-01
0.0319 836. 5.838E-14 8.829E-19 6.520E-10 9.893E-01 9.807E-01
0.0367 910. 1,011E-12 5.010E-17 4.278E-09 9.872E-01 9.877E-01

0.0417 984. 1.112E-11 1.522E-15 2.083E-08 9.852E-01 9.863E-01

0.0467 1057. 8.603E-11 2,845E-14 8.049E-08 9.8306-01 g.853E-01
0.0518 1130. 5 033E-10 3.614E-13 2.587E-07 9.806E-01 9.844E-01
0.0570 1202. 2 347E-09 3.3666-12 7.170E-07 9.788E-01 9.826E-01
0.0622 1274. 9. 76E-09 2.422E-11 1.757E-06 9.765E-01 9.812E-01
0.0676 1346. 3 003E-08 1.406E-10 3886E-06 9.744E-01 9.796E-01
0.0731 1418. 8.700E-08 6.821E-.0 7.879E-06 9.721E-01 9.78SE-01
0 0186 1490. 2 252E-07 2.838E-09 1.484E-05 9.698E-01 9.778E-01
'J.3843 '561 .2BZE-7 .)3EE-j8 2 622E-05 ;. a7EE-)1 ;. 8'3E-.)1
0 0900 1632. 1 137E-06 3.371E-08 4.378E-05 9 651E-01 9. 748E-01
0.0959 1702. 2.26E-06 9.932E-08 6.958E-05 9.627E-01 9.732E-01
0.1019 1772. 4 219E-06 2. 679E-07 1.057E-04 9 603E-01 9.722E-01
0.1079 1842. 7 361E-06 6.605E-07 1.541E-04 9.577E-01 g.709E-01
0.1141 1910. 1 210E-05 1.566E-06 2.164E-04 9.561E-01 9.695E-01

0.1W' 1W'T. I _OE-o6 3 40bE-06 2,93 -C 9.524E-01 9.677E-01
0.1268 2044. 2.780E-05 7.049E-06 3.825E-04 9.496E-01 9.669E-01 5
0.1334 2100. 3.767F-06 1.386E-05 4.812E-04 9.465E-01 9.656E-01
0.1491 2246. 5.9,Of--IO- 5.689E-05 6.889E-04 9 381E-01 9.821601
0.1656 2332. 3 603F-0, 1.800E-04 S.969E-04 9 2506-01 9.594E-01
0.1829 2301. 8 46r.08 2.739E-04 2.727E-04 9.012E-01 9.589E-01
0 2010 2234. 2 )88h-00 2.63BE-04 1.273E-04 8.747E-01 9,583E-01
0,2201 2161. 5.-,t..-0,' 2.165E-04 6.128E-05 8.4806-01 9,587E-01
0.2401 206F. 1501E-U7 1.6156E-04 2-918E-05 81215E-01 9.591E-01
0.2611 2006. 3.80.4E-08 1.116E-04 1.341E-06 7.052E-01 9.501E-01
0.2833 1926. 8 80SE-09 7.163E-06 5.832E-06 7.6936-01 9.594E-01
0.3068 1843. 1.811E-09 4.269E-05 2,366E-06 7.436E-01 9.589E-01
0.3315 1769. 3 200E-10 '! 346E-06 8.793E-07 7.181E-01 9.598E-01
0.3577 1673. 4.736E-11 1.178E-05 2.942E-07 6.930E-01 9.597E-01
0.3856 1585. 6.610E-12 6.322E.-06 8.6556E-08 6.683E-01 9.59SE-01
0.4151 1496. 5.069E-13 2-124E-06 2.177E-08 6.438E-01 9.602E-01
0 4466 1405. 3 2IE-14 7,301E-07 4.618E-09 6.1OE-01 9.605E-01
0.4001 1312. 1.401E-15 2.087E-07 7.368E-10 5.956E-01 9.609E-01
0 5180 1211. 3.b21[-11 4 735E-08 8.8U3E-11 5.721E-01 9.605E-01
0.6544 1121. 4 467E-19 7.964E-09 7.156E-12 5.487E-01 9.613E-01
0,.190 1023. 2.284E-21 9.044E-10 3.432E-13 5.257E-01 9.622E-01
0.6401 923. 3.461E-24 6.060E-11 8 135E-15 5.030E-01 9.621E-01
0.5881 621. 9 543E-25 1.945E-12 7,225E-17 4.80SE-01 9.628E-01
0.7401 718. 0 000E,00 2.184E-14 1.578E-19 4 583E-01 9.628E-01
0.7906 614. 0 O0a..00 IS.O3E-1I 4.139E-23 4.363E-01 9.638E-01 V
0 582 " . O.O 000 g.149E-21 0.00E#00 4.147E-01 9.639E-01
0 9257 405. O.OOOL*00 1.872E-26 0O00E.00 3.932E-01 9 645E-01
10000 300. 0.00L.00 U 000E00 0.00.00 3.721E-01 9.561E-01

KAf t i tie muvi f I.;LIiui welgtherd sum ut Rayl.oigh crous sectiuns.
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the nozzle plane. The pressure gradient of 6 Pascals/meter does not change

for the different flame cases, and increases to 6.5 Pascals/meter when the

fuel flow is zero.

Quantities Measured

The quantities measured, tabulated, and a:;-hiv,-d are presented in

Table B.3.

Diagnostics

Laser Doppler Anemometer. The axial and radial components of

velocity are measured with a two component laser TDopoler anemometer

(Figure B.2). Two beams (488 and 514.5 mm) from a 4-watt laser are split

and focused .n an optical volume having a diameter of 0.5 mm and a length

of 2.0 mm. Dual Bragg ce!ls, used for the radial velocity component, are

driven by 30 MHz and 40 MHz; the 10 MHz difference allows unambiguous

velocity determinations to 30 m/s in the radial component.

Rayleigh Scattering. The density is determined from the intensity of

Rayleigh scattering from a laser beam. The laser Rayleigh scattering system

(Figure B.3) utilizes light from a 5-watt laser beam (488 mm) collected by anr

F/2 lens (focal length = 30 cm) and relayed, at a magnification of 1.5, to

slits in front of a cooled photomultiplier tube (RCA 8575). With this

magnification, a slit opening of 3 mm along the axis of the laser beam allows

a 2 mm line segment of the laser beam to pass through to the

photomultiplier tube.

The slit opening orthogonal to the laser beam is 4 mm which is larger

than the laser beam diameter of 300 microns. The excessive opening ensures

that a segment of the laser beam passes through the slit in spite of
S fluctuations in the position of the laser beam caused by density fluctuations

In the turbulent flame. Between the slits and the photomultiplier tube, a I

mm bandpass interference filter (488 nm) and a polarizing filter are used to

reduce background from flame luminescence. With the laser off, a signal

change Is undiscernable whether the flame is on or off. Current from the

B-7
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Figure B. 3. Skech of laser Rayleigh scattering system

B-10



photomultiplier tube is integrated by an RC filter with a cutoff frequency of

$ kHz. A time series of the Rayleigh intensity, and hence gas density, is

obtained by digitization, at 16 kHz, of the filtered signal.

Simultaneous LDA-Laser Raman Scattering. Raman measurements of

gas species concentrations are made using a high-power pulsed dye laser (I

3/pulse, 2- s puisewidth, \ = 514.5 mm, & = 0.4 nm). The beam is focused

to a 500- m waist diameter which is aligned to overlap the LDA

measurement volume. The width of the spectrometer entrance slit

determines the length of the Raman probe volume (Q nm), while the height

of the probe volume is determined by the laser beam diameter. The
vibrational Raman scattered light from the major uec es 'I -

F H.,O1, and HQ.) and the antistokes of -N.-7 is seoarated from the

collected light with a 1/4 -n grating spectrometer and measurea on

photomultiplier tubes at the exit plane of the spectrometer. As a measure

of the overall efficiency of the collection system, 6000 photoelectrons per

joule of laser light are collected from nitrogen in room air. From the

combined Raman measurements, the fuel mixture fraction f can be

determined for each signal laser pulse.

Simultaneous measurements of two velocity components and species

concentrations are made by combining the Raman scattering system with

the two-color LDA system.The Raman laser is triggered by a pulse from the

LDA electronics which indicates a valid radial and axial velocity event. The

time between the LDA event and the Raman laser pulse is typically 40

sec. At each spatial location, a minimum of 2500 simultaneous triplets of

axial velocity, radial velocity, and mixture fraction are measured. These

simultaneousr measurements are made for the Case A flame at three radial

locations at two axial locations (x/d = 30 and x/d = 50).

Line-of-Sight Emission. Line-of-sight emission is measured with the

laser Rayleigh scattering collection system.The laser line interference filter
is removed so that all of the emission collected by the F/2 optics is relayed
to the photomultiplier tube (RCA 8575).

Photography. The framing speed of the high-speed photography is

limited by the total amount of light emission from the flame. The hydrogen

,-
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flame has little light emission relative to hydrocarbon flames of comparable

conditions. For the high-speed films, the luminosity of the flame is increased

by replacing the argon diluent with dichloro-difluro-methane (freon-12). The

flow conditions are those of Case A with one exception. The replacement of

the argon in the fuel with freon-12, which has a higher molecular weight,

doubles the pipe Reynolds number. For this condition, 200 frames/second are

possible with ASA 500 film using a Redlake LOCAM framing camera. At 4 x

5 format Calumet camera is used for the time-averaged picture.

Unusual Measurement Methods

No snec.al -r unusual -neasuremnent methods. n addition -o 'hose

described above, were emoloved.

Experimental Protocol

The laser Rayleigh, laser Doppler anemometry, and simultaneous

laser Doppler anemometry and laser Raman experiments described in this

report span a period from September 1983 to August 1985. Other U
experiments, not reported here, were performed in the Comhustion Tunnel

Facility during this period. The laser Rayleigh data were collected, in the .

Fall of 1983, prior to the laser Doppler anemometry experiments which were

collected in the Spring of 1984. In this manner, the laser Rayleigh

experiments, which demand a minimal presence of particles in the flow,

were completed before the wind tunnel was contaminated with particles

needed for the laser Doppler anemometryexperiments. (It has since been

determined that the particle contamination due to residual laser Doppler

velocimetry seed particle is not severe. A day of operation without LDA

seed is sufficient to reduce the residual particles to a level acceptable for

laser Rayleigh scattering.) The laser Raman system was combined with the

laser Doppler velocimeter and used for the simultaneous measurements in

the Summer of 1984. Axial profiles of density were remeasured in the Spring

of 1985.

B-12
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Quality Control

Mass Balance. Mass balances on the total throughput were attempted

using the laser Doppler anemometry (LDA) data. The results established that

mass was conserved. However, because the mass balance is dominated by the

mass flux in the outer region of the tunnel, such a mass balance was not a

critical test of mass balance in the core of the flow. A mass balance on

hydrogen, the critical test of interest, could not be conducted due to the few

radial measurements made of mixture fraction.

Reproducibility and Repeatability. No checks for reproducibility

were conducted. A few repeatability checks, described under Error Analysis

below. were comoleted.

LDA Seeding. Both the fuel jet and coflowing air were seeded.

However, :he concentration of seed in the two flows are not :ontrolled.

Hence, an evaluation of concentration bias was conducted. No attempt was

made to remove velocity bias by equal time interval sampling. The errors

associated with LDA seeding are delinated below.

Control of Test Conditions. Test conditions were established by

settings on the metering devices employed for the coflowing air and fuel.

No additional checks were made for establishing flow test to test whether

the conditions were repeated.

Tests of Sensitivity to Boundary Conditions. The principal boundary

conditions with a potential influence on the present experiment is exhaust

suction. To establish the extent of influence, the exhaust hood flow rate was

varied while monitoring the velocity and density at one point in the flow.

Error Analysis

Velocit. In the present flow, the primary potential for error in

velocity is 'velocity bias' which is due to the proportionality of particle flux,

through the measurement volume, to the instantaneous veJocity. Razdan and

Stevens (1985) have shown in a comparable flow that for velocity

fluctuations up to 10 percent, this bias is negligible. As velocity fluctuations

increase, the velocity statistics are increasingly biased toward higher

velocities. At the maximum fluctuation levels measured in the present flow

B-1
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a maximum bias error of 3 percent in the mean is estimated. The velocity -

data presented here are not modified for the effects of velocity bias.

Other potential sources of velocity error have also been estimated. -

The error due to velocity-gradient broadening is estimated to be less than

0.3 percent. Errors in time measurement with a counter processor having

0.5-ns resolution are less than 0.2 percent at the highest burst frequencies

measured, and the effects of variation in refractive index on movement of

the measurement volume are negligible.

Since the velocity of a particle is actually measured with laser
anernometry, particle-velocity lag is considered. Using the estimates of
T urst -t al. la"76), a .35-nicron )artic!e can 'ollow *he f!-ow o "I

r.'reouencv of 3 'Hz with - Slio velocitv of ! oercent. 35.sed on ,xevious

measurements in the current flow, this frequency resoonse :s sufficient.

In mixing flows, such as the nonpremixed flame herein described, the

measured velocity depends on the density of LDA seed particles added to

each of the inlet streams. In this study, the velocity bias resulting from the

origin of LDA seed particles is bounded by measurements of velocity when

seed particles are added to the fuel only, followed by measurements when
seed particles are added to the coflow air only. Table B.4 shows the results

of some of these measurements. In all cases, the seeding of the fuel (*.JET)

consistently produces slightly higher mean velocities than the seeding of the

air (*.AIR). The true velocity lies between these two cases. The difference

between these two cases, which is typically three percent of the mean axial
velocity, is considered to be the largest source of uncertainty in the velocity

data.

Density via Laser Rayleigh Scattering. It is often the case in

Rayleigh scattering experiments that a fraction of the light collected by the

Rayleigh scattering system is not due to Rayleigh scattering fro, molecules
in the probe volume. This non-Rayleigh signal is most commcnly due to
minute amounts of scattering of laser light from optical or diffuse surfaces
throughout the laboratory. This background scattering can be measured in a
variety of ways.

B-,
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Table B.4
Velocity Data: Effect of Seed Concentration Bias

a

Axial
Case Location bvelocity (M/s)

x/d AAY..BOTb AXX.AIR AXX.BOT AXX..JET

A 15 74.6 70.2 72.6 7?.5
30 51.4 47.7 48.8 50.9
50 35.1 32.0 33.5 33.4
70 24.0 21.8 23.3 23.8

BkX.BOTb BOX.AIR BOX.JET BXX. BOT

B 30 91.b 9 5. 37.19
50 54.3 S3.7 55.

2 ?eDa:tZ3OLi. i" /.! ,'_i,)C t 1. l .I~ DV ~ :tl)ip .L r , ''r " .U O L'/ 'l/ "I IL 4,. .:

spatial location and different seeding conditions.

b F !LENA

In most of these experiments, the background Is inferred by moving

the collection system above and below the horizontal laser beam. Oncfe the.

laser beam is not imaged onto the slits, the remaining signal is oily weakly

sensitive to further movement of the collectiun system; this rrnain,n

signal is considered the background. Another method to deterinine the

background scattering takes advantage of the fact that the Rayleigh

scattering intensity, from the fuel-rich side of the laminar argon-in-

hydrogen flame, is nearly constant and independent of position.

Measurements made in room air and then in the fuel-rich zone of the flame

are used to deternine the background contribution. When thesc two mctho:JI,

are compared, the former method produces a backgruund that is 10 percent

lower than the latter; in either case, the background Is typically 4 percent of

the Rayleigh signal from room air.

A comparison of mnea.surements of density from threc differcia

experiments conducted on different days Is presented in Tahl', F3.5. The thr ec

experiments include data from axial and radial density lIxufiles and, in

(I
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addition, from measurements using the Improved background measurement
technique. Because of this improvement, the latter data are weighted twice
In generation of statistics. The Table shows 90 percent confidence intervals
which have been enlarged by t-value estimates associated with four
observations. These confidence interval estimates, less than 15 percent of
the mean, are considered satisfactory. These estimates are conservative

since they do not take into account the lower limit of density, (relative to

air) which is 0. 112.

The inference of density from the Rayleigh scattering intensity
assumes that the ratio the gas density to the sum of the mole fraction
weighted Rayleigh scattering cross sections- :s a constant. As -he, right

column in Table!B.5 shows, this assumotion systematically underoredicts the
density by a percent on the fuel rich side of the flame.

Raman Scattering. The primary potential sources for error in the
Raman scattering measurements are calibration of the light collection
system and background fluorescence (from the windows where the laser
beam enters and exits the test section). The Raman system is calibrated in
the post-flame gases above flat-flame of hydrogen burning with air.
Calibrations of the gases at various temperatures is conducted by operating
the burner fuel-lean and then fuel-rich. When the burner is fuel-lean, the
laser thermometry is calibrated to a radiation-corrected thermocouple. The
laser thermometry is used when the flame is fuel-rich since thermocouple
measurements are questionable under these conditions. The concentrations
of the post-flame gases are determined from the mass flow meters and the
assumption of chemical equilibrium in the combustion products. Through
these calibrations, the relationship between Raman intensity and
concentration is established. The shot noise associated with the 6000
photoelectrons is 1.2 percent. However, in the flame zone, the
concentrations of the major species are about an order of magnitude less
than the concentration of nitrogen in room air; accordingly, the shot noise
increases to 4 percent. Since the mixture fraction f is derived from various
combinations of the major species concentrations, f will have an associated
shot noise of less than 6 percent. The background fluorescence contribution

B-i 6



Table B.5
Density Data: Repeatabilitya

Axial
Case Location Dnsityc Statistics

x/d _b AAX.DEN" AXX.DEN MEAN SIG 90%,
A 15 0.194 0.190 0.188 0.1915 0.00259 0.0060

30 0.122 0.123 0.141 0.127 0.0081 0.019
50 0.118 0.121 0.131 0.122 0.0053 0.012
70 0.144 0.153
85 0.20

104 0.25
150 0.40

BAX.DENd BXX. DEN
B 15 0.2316 0.188 0.199 0.2125 0.0194 0.044

30 0.112 0.134 0.131 0.122 0.0103 0.023
50 0.20 0.1,17 0.116 O.118 0.00178 1.004[
70 0.144 0.138
35 ). :01

L04 0.228
150 0.375

a Repeatability of data by comparison of density at same spatial location
measured on different days.

b The data in this column were collected several months after the other
density and velocity data; these data are weighted twice in the calculation
of the MEAN in column six.

c Density values are normalized to the inlet air density.

d FILENAME

e The 90% confidence interval is generated from the standard deviation,
column seven, and student t-value (2.35) for four observations.
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to the Raman signal Is measured by scanning the spectrometer away from

the Raman line and was determined to be less than 0.5%.
Pressure drop across a venturi is related to the air velocity in the

wind tunnel. The relationship between the pressure drop and the coflow air
velocity is determined with the laser Doppler anemometer. In the course of
an experiment, the pressure drop may change slightly and therefore require

manual readjustment of the rotational speed of the air supply fan. These
excursions in the coflow air velocity.of 9.2 m/s amount to a standard
deviation of 0.12 m/s.

Other. Changes in the exhaust hood flow rate by +/- 25 percent have
no effect on the velocity in the test section, or on the density, measured at
x/d = 30 and a radial position where the gradient is large and hence most

sensitive to small changes in the flow field.

Availability of Data
The data base is formally documented in Dibble, et al. (1985a) and

Dibble et al. (1985b). Velocity (LDA) and density (laser Rayleigh scattering)
are provided in the former, and simultaneous LDA/Raman data are provided
in the latter. Both reports are available from the National Technical
Information Service (NTIS), 5235 Port Royal Road, Springfield, VA 22161.

The data files may be obtained on either magnetic tape or floppy disk from
the Combustion Research Facility, Sandia National Laboratories, Livermore,

California, 94550.
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Data

Static Photograph. Light emission from the flame for Case A

photographed in a time averaged mode, is presented in Figure B.4. In

addition, radial and axial profile data of the line-of-sight emission (mean and

standard deviation) are reported below for this case.

Time-Resolved Photograohs. A sequence of 10 black and white

photographs is presented in Figure B.5. This framing speed is sufficient to

capture large scale struc-ures of the rame: however, with chis raming

speed, the evolution of these structures from one frame to Lhe next is

difficult to follow.
Tabulated Data. Data files are presented on the following pages. (To

place the tabulated data into perspecitve, select data files are plotted in

Figures B.6 through B.7).
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File Format

Each able is headed with a FILENAME. The FILENAMEs have the following

format for the velocity and density data: AXX.YYY.

If A-A, 75. m/s is the average velocicy at nozzle exit.
-B, 150. m/s.

R-C, 225. M/s.

F, In all cases (A, B, and C), the coflow air velocity

is 9.2 M/s.

If Xx- a number, the file is a radial profile at axial positicn XX.
= AX, the file is an axial profile along the JeL centerline.

If YYYDEN, the file is a density profile.

to auzzle fuel. onlv.

"_ Za : tu'.o rr )r lV.

-BOT, th.- fzie is a veo:C!-y profile wi~tl LDA parti.c..As acea

to both .--)low iir ind ,iozzle fLuid.

For the simultaneous LDA-laser Raman, the FILENAMEs have the followiag

format: AXXNYY.UVF

If N-J, the file contains daca with UDA particles .iddd to tht
nozzle fuel only.

N-A, the file contains daLa with LDA particles added to the
coflow air only.

N-N, the file contains only scalar data, with no LDA parLtilS added
(laser Raman system triggered independent of LDA).

and 1- radial position.

For the line-of-sight emission data, the FILENAMEs have the following

V. format: ALITXX.DAT

Units for velocity data are m/a; the density data are normalized to the

density of air at the inlet; the units for the light umissioi data are

arbitrary,

Data Fies Available,

Inlet. profile ate provided in INPUT.

,?9'
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For Case A (bulk fuel velocity at nozzle exit of 75. m/s, Re - 9000), the

following data files are provided:

AAX.BOT
A 15. BOT A30. BOT A50.BOT A70.BOT

AI.JET A30.JET A50.JET A70.JET
A15.AIR A30. AIR X50 .AIR A70.AIR

AAX.IDEN

A15.DEN A30. DEN A50.DEN
ALI1TAX. DAT .

ALITI5.]DAT ALIT30.IDAT ALIT50.DAT ALIT70.DAT

For Case B (bulk fuel velocity at nozle exit of 150. m/s, Re - 18,000),

the folloring data files are provided:

SAXX.JET
903. 90T 97,. 30T

330.J;ET 5 ." BO J ET
1 -, . -T P.c- .,A3, '-

BAX. DEN 3 15. ,0N. g." D E.

For Case C (bulk fuel velocit at riozzle exit if 225. m/s, Re 27,',00),

the following data files are provided:

CAX. DEN
C15.DEN C30.DEN C50.1DEN

Due to the volumious data auooctaced with the simultaneoua :DA--iver.

Raman, data are not tabulated in the preent suunary. FuLl data SUr3 are

avail.able in Dibble, et al. (1985b).
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Figure B.9.a. Radial profiles of density (Case A)
FILENAMES: A15.DEN( C); A30.DEN(O); A50. DEN(,- )
(Dibble et al., 1985a)
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Figure B.9.b. Radial profiles of density (Case B)
FILENAMES: BL5.DEN(c ); B30.DEN(O); B50.DEN( ')
(Dibble et al., 1985a)
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Figure B.9.c. Radial profiles of density (Case C)%
FILENAMES: C15.00N(0); C30.DEN(O); C5O.DEN(A)
(Dibble et al., 1985a)
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CC FILENAME: INLET.
CC
CC Inlet Axial Velocity Profile, measured with Hot Wire
CC Axial Position, x/d.O d5S.207 -m
CC Inside Nozzle Diameter d=5.207 -m, (y/d=O.600)
CC Outside Nozzle Diameter.9.525 mm, (y/d=0.914)
CC Air Flow in the Nozzle is u z55 rn/s
CC this radial profile is not sensitive to Uavg
CC Wind Tunnel Walls are at y/d=./-29.2,
CC Wind tunnel wall boundry layer is less than 6mm thick.
CC
CC y/d u (m/s) u' (m/'s)

1.16 8.16 0.038
1.38 8.41 0.044
1.59 8.65 0.046
1.73 8.81 0.048
2.42 9.25 0.060
3.10 9.38 0.031
4.47 9.45. 0.038
5.81 9.44 0.040
7.12 9.41 0.053
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C FILENAME= AAX.BOT
C
C FOR THIS AXIAL VELOCITY PROFILE, BOTH AIR AND JET ARE SEEDED
C T912
C
C x/d y/d u v UP vs u'v'
5.00 0.100E-03 93.7 -0.424 4.27 3.42 -1.24
10.0 0.100E-03 86.1 -0.246 6.58 5.86 -2.24
20.0 0.100E-03 66.7 0.231 9.06 7.20 -5.15
30.0 O.100E-03 51.4 -0.294 6.71 6.13 0.198
39.9 0.100E-03 42.4 -0.616 6.11 5.04 0.247
39.9 0.100E-03 42.6 0.214 5.69 5.30 1.42
49.8 0.100E-03 35.1 -0.268 5.48 4.07 -1.63
59.8 0.100E-03 28.6 -0.176 4.64 3.71 0.265
67.3 0.100E-03 24.0 -0.528E-01 3.92 3.30 1.01
79.8 0.100E-03 20.8 -0.402 3.40 2.73 0.563E-01
86.3 0.100E-03 .20.0 -0.188 2.86 2.46 0.229
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C FILENAME= A1S.BOT
C
C LDV SEED PARTICLES ADDED TO BOTH AIR AND JET.
C T900
C
C x/d y/d u v 0 VP u'v'
15.2 -4.35 9.14 -0.438 0.166 0.234 0.990E-02
15.2 -3.99 9.12 -0.456 0.191 0.243 0.128E-01
15.3 -3.54 9.05 -0.473 0.306 0.280 0.258E-01
15.2 -3.10 8.90 -0.510 0.414 0.321 0.374E-01
15.2 -2.66 8.79 -0.520 0.593 0.540 -0.116E-01
15.2 -2.22 9.43 -0.576 2.20 1.67 -1.88
15.2 -1.78 17.5 -1.25 6.67 4.25 -12.7
15.2 -1.34 34.9 -2.65 10.4 6.96 -39.8
15.2 -0.820 51.2 -2.35 11.6 7.71 -37.7
15.2 -0.460 67.3 -2.26 8.83 7.28 -17.6
15.2 0.600E-01 72.6 0.716 7.30 6.84 0.129
15.2 0.500 63.5 2.05 9.75 7.84 26.5
15.2 0.930 47.0 3.27 11.9 8.28 46.1
15.3 1.37 29.5 2.25 9.80 6.94 34.4
15.2 1.89 13.5 0.979 5.53 3.60 11.0
15.2 2.33 8.87 0.339 1.04 0.972 0.340
15.2 2.70 8.88 0.320 0.440 0.401 O.OOOE+0O
15.2 3.14 9.02 0.313 0.275 0.292 O.OOOE+00
15.2 3.65 9.11 0.282 0.167 0.217 O.OOOE+00
15.2 4.09 9.15 0.261 0.137 0.191 O.00E+00
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C FILENAME= A30,BOT
C
C LDV SEED PARTICLES TO BOTH JET AND AIR.
C T850
C
C x/d y/d u v PV' u'v'

30.2 -5.95 9.25 -0.486 0.171 0.267 0.650E-02
30.2 -5.80 9.22 -0.495 0.188 0.278 0.990E-02
30.2 -5.36 9.23 -0.524 0.224 0.302 0.153E-01
30.2 -4.92 9.24 -0.534 0.287 0.422 0.440E-02
30.2 -4.48 9.24 -0.558 0.420 0.553 -0.127E-01
30.2 -4.04 9.25 -0.559 0.848 0.773 -0.925E-01
30.2 -3.59 10.1 -0.488 1.75 1.43 -1.23
30.2 -3.15 12.2 -0.702 3.54 2.68 -5.11
30.2 -2.64 15.3 -0.734 5.00 3.50 -8.49
30.2 -2.27 20.1 -0.599 6.43 4.50 -13.5
30.2 -1.76 28.2 -1.11 9.07 5.55 -27.4
30.2 -1.31 38.7 -2.13 8.31 6.17 -24.4
30.2 -0.870 44.0 -1.59 7.10 6.55 -17.3
30.2 -0.430 47.4 -0.664 6.30 6.31 -9.83
30.2 0.100E-01 48.8 -0.483E-01 6.45 6.04 1.91
30.2 0.450 47.0 0.443 6.37 6.12 7.47
30.2 0.880 42.9 1-73 7.22 6.32 16.2

30.2 1.76 29.5 2.60 9.09 6.54 25.8
30.2 2.28 20.2 1.62 7.24 4.95 19.2
30.2 2.65 15.2 1.38 5.39 3.77 11.9
30.2 3.09 11.3 0.663 3.07 2.43 3.82
30.2 3.53 9.83 0.534 1.70 1.52 1.12
30.2 3.97 9.26 0.392 0.657 0.656 0.169E-01
30.2 4.41 9.23 0.352 0.342 0.445 0.OOOE00
30.2 4.85 9.28 0.302 0.239 0.379 0.OOOE00
30.2 5.29 9.27 0.288 0.246 0.330 0.OOOE+00
30.2 5.74 9.25 0.259 0.248 0.273 0.OOOE+00
30.2 6.18 9.24 0.258 0.220 0.253 0.O00E+00
30.2 6.62 9.24 0.234 0.207 0.222 0.OOOE+00
30.2 7.06 9.23 0.224 0.154 0.202 O.OOOE+00
30.2 7.50 9.22 0.195 0.157 0.238 O.OOOE+00
30.2 7.65 9.25 0.186 0.151 0.237 O.OOOE+00
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C FILENAME= ASO.BOT

C LDV SEED PARTICLES ADDED TO BOTH JET AND AIR FLOW.
C T1000

C x/d y/d u v U) vp u'v'

50.0 -6.16 9.71 -1.08 1.59 1.73 -0.675
50.0 -5.28 10.8 -1.12 2.19 2.08 -1.82
50.0 -4.44 13.1 -1.25 3.12 2.55 -3.92
50.0 -3.52 16.9 -1.77 4.53 3.66 -8.43
50.0 -2.67 21.3 -1.80 5.62 4.04 -10.1
50.0 -1.75 26.8 -1.67 5.86 4.41 -9.82
50.0 -0.870 31.6 -1.13 5.79 4.43 -6.08
50.0 0.900E-01 33.5 -0.489 5.51 4.33 0.949
50.0 0.200 33.4 -0.341 5.70 4.15 1.76
50.0 0.930 30.9 0.377 5.98 4.37 6.92
50.0 1.84 26.3 0.869 6.17 4.35 11.5
50.0 2.65 20.6 1.30 5.34 3.96 9.12
50.0 3.53 i5.9 1.14 4.31 3.22 7.06
50.0 4.45 12.5 0.766 2.94 2.53 3.36
50.0 5.30 10.6 0.711 2.08 1.97 1.99
50.0 6.22 9.38 0.511 0.950 1.25 0.295
50.0 2.61 22.1 1.69 5.13 4.17 8.10
50.0 2.72 22.5 1.74 5.05 3.88 7.71
50.0 2.61 19.4 1.25 4.61 3.88 7.31
50.1 2.72 18.9 1.08 4.02 3.76 5.21
50.0 0.270 25.8 -0.826 4.60 4.79 2.24
50.0 0.310 25.7 -0.987 4.55 4.81 1.85
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C FILENAME= A70,BOT
C
C LDV SEED PARTICLES ADDED TO BOTH FUEL AND AIR.
C T950
C
C x/d y/d u v up V) u'v'

70.0 -8.72 9.46 -0.338 0.256 0.394 -0.124E-01
70.0 -7.91 9.49 -0.246 0.407 0.469 -0.425E-01
69.9 -7.02 9.75 -0.254 0.807 0.813 -0.265
69.9 -6.14 10.5 -0.324 1.45 1.32 -0.846
69.9 -5.26 12.0 -0.436 2.25 1.89 -2.27
69.9 -4.38 13.7 -0.813 2.84 2.38 -3.53
69.9 -3.42 15.8 -0.724 3.50 2.79 -4 .52
69.9 -2.54 18.2 -0.696 3.79 2.99 -4.51
69.9 -1.66 20.3 -0.686 3.94 3.01 -4.15
69.9 -1.66 20.6 -0.736 4.06 3.22 -4.42
69.9 -0.770 22.6 -0.449 3.83 3.20 -1.92
69.9 0.180 23.3 -0.318 3.81 3.16 0.432
69.9 0.980 22.2 0.152 4.01 3.15 3.13
69.9 1.90 19.8 0.304 3.92 2.95 4.15
70.0 2.82 17.8 0.623 3.85 2.93 5.33
70.0 3.70 15.3 0.641 3.45 2.74 4.08
69.9 4.59 13.0 0.431 2.72 2.29 2.78
69.9 5.47 11.6 0.498 2.12 2.02 1.84
69.9 6.35 10.5 0.407 1.61 1.42 0.775
69.9 7.23 9.73 0.349 1.14 1.15 0.328
69.9 8.11 9.47 0.252 0.567 0.627 0.234E-01
69.9 9.00 9.52 0.159 0.232 0.314 0.670E-02
70.0 9.88 9.49 0.155 0.158 0.275 -0.130E-02
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C FILENAME= A15.JET
C
C LDV SEED ADDED TO JET ONLY.
C T999
C
C
C x/d y/d u v U) v) u'v'

15.2 -2.12 12.0 -2.15 4.25 .3.43 -7.80
15.2 -1.68 23.3 -3.09 7.96 5.38 -19.9
15.2 -1.24 39.3 -3.08 10.0 7.06 -22.5
15.2 -0.800 57.4 -2.32 11.1 7.91 -27.2
15.2 -0.360 71.5 -0.579 8.04 7.45 -8.27
15.2 0.900E-01 73.5 1.08 7.41 7.22 2.93
15.2 0.530 61.8 2.97 10.1 8.13 19.4
15.2 0.970 43.9 3.94 11.3 8.49 37.8
15.2 1.40 28.5 3.89 9.59 7.19 32.0
15.2 1.91 14.0 2.21 5.44 4.29 12.0
15.2 2.36 8.58 1.10 2.10 2.23 1.33
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C FILENAME. A30.JET.
C
C LDV SEED PARTICLES ADDED TO JET ONLY.
C T980
C
C y/d x/d u v u v u'v'
30.2 -3.24 12.7 -2.33 4.01 3.40 -5.49
30.2 -2.88 16.8 -2.98 5.69 4.53 -12.0
30.2 -2.43 22.7 -3.60 7.12 5.54 -19.8
30.2 -1.99 28.9 -3.45 8.22 5.84 -21.0
30.2 -1.55 36.7 -3.71 8.14 6.15 -19.9
30.2 -1.15 43.1 -2.73 7.67 6.01 -13.8
30.2 -0.630 47.6 -2.01 7.63 6.14 -10.7
30.1 -0.190 50.9 -0.872 6.93 6.31 -3.88
30.2 0.210 50.8 0.126 6.83 6.40 3.83
30.1 0.620 47.3 1.47 7.34 6.38 10.9
30.2 1.16 42.2 2.69 7.98 6.59 18.7
30.2 1.60 36.1 3.08 8.54 6.76 24.4
30.1 2.00 28.3 3.25 8.39 6.47 26.7
30.2 2.48 21.4 2.98 7.05 5.50 19.1
30.2 2.92 15.8 2.37 5.51 4.57 13.3
30.2 3.36 12.2 1:75 3.90 3.58 6.50
30.2 3.81 9.92 1.42 2.69 2.92 2.91
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C FILENAME= A50.JET

C LDV SEED PARTICLES ADDED TO JET FLUID ONLY
C T950
C
C x/d y/d u v u v u'v'
50.0 -4.34 14.4 -1.74 3.96 3.26 -6.49
50.0 -3.49 18.1 -2.09 4.56 3.93 -9.09
50.0 -2.54 22.7 -2.11 5.15 4.21 -9.18
50.0 -1.69 27.6 -1.70 5.49 4.23 -8.19
50.0 -0.770 31.6 -0.928 5.81 4.20 -5.38
50.0 0.700E-01 33.1 -0.301 5.70 4.31 1.00
50.0 0.150 33.4 -0.201 5.68 4.55 2.77
50.0 0.980 30.6 0.493 5.78 4.45 7.52
50.0 1.83 25.8 1.18 5.78 4.30 7.81
50.0 2.71 21.2 1.69 5.16 4.08 8.43
50.0 3.70 16.9 2.10 4.50 3.68 7.85
50.0 4.47 13.8 1.48 3.43 3.00 4.80
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C FILENAME= A70.JET
C
C LDV SEED PARTICLES ADDED TO JET ONLY
C T950
C
C x/d y/d u v U) v) u'v'

70.0 -5.22 12.7 -1.12 2.70 2.45 -2.78
70.0 -4.34 14.7 -1.28 3.11, 2.73 -4.00
70.0 -3.46 16.8 -1.36 3.60 3.03 -5.12
69.9 -2.54 19.4 -1.17 3.92 3.21 -4.03
69.9 -1.66 21.8 -0.960 4.16 3.10 -3.64
69.9 -0.770 23.3 -0.614 3.98 3.16 -1.86
70.0 0.150 23.8 -0.280 3.96 3.19 0.611
69.9 1.06 22.6 0.195 4.13 3.21 2.81
69.9 1.94 20.9 0.665 4.11 3.15 3.69
70.0 2.75 18.3 0.681 3.78 2.97 3.74
69.9 3.67 15.8 0.919 3.41 2.85 4.09
69.9 4.51 13.9 0.843 2.98 2.53 3.63
69.9 5.39 12.0 0.697 2.38 2.16 2.26
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C FILENAME= AIS.AIR
C
C LDV SEED PARTICLES ADDED TO AIR ONLY
C
C TIME 900
C
C x/d y/d u v up vP u'v'

15.4 -4.32 9.17 -0.463 0.177 0.250 0.115E-01
15.5 -3.90 9.03 -0.477 0.214 0.266 0.157E-01
15.5 -3.48 8.96 -0.473 0.253 0.266 0.173E-01
15.4 -3.05 8.92 -0.510 0.414 0.358 0.322E-01
15.4 -2.60 8.73 -0.543 0.692 0.669 -0.597E-01
15.5 -2.15 9.31 -0.481 1.52 1.14 -0.695
15.5 -1.69 14.7 -0.477 5.65 3.12 -7.75
15.5 -1.28 32.2 -1.11 10.5 6.81 -35.4
15.4 -0.800 48.6 -0.660 11.2 8.28 -45.5
15.5 -0.330 64.2 -0.400E-03 9.34 8.11 -21.6
15.5 0.120 70.2 0.200 8.06 7.77 7.48
15.4 0.550 59.2 0.278 10.5 8.26 36.6
15.5 1.00 41.7 0.109E-01 11.7 8.36 54.3
15.5 1.44 24.6 0.554 9.61 5.91 31.0
15.5 1.87 11.4 0.143 3.33 2.14 4.21
15.5 2.33 8.86 0.299 0.950 0.876 0.281
15.5 2.77 8.89 0.288 0.418 0.426 -0.247E-01
15.5 3.20 9.03 0.320 0.285 0.290 -0.198E-01
15.5 3.64 9.10 0.276 0.185 0.234 -0.870E-02
15.5 4.53 9.14 0.276 0.119 0.205 -0.370E-02
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C FILENAME= A30,AIR
C
C LDV SEED PARTICLES ADDED TO BOTH JET AND AIR.
C T920
C
C x/d y/d u v u v u'v
30.5 -6.02 9.23 -0.504 0.172 0.263 0.260E-02
30.5 -5.54 9.22 -0.529 0.209 0.275 0.980E-02
30.5 -5.09 9.20 -0.546 0.275 0.348 0.169E-01
30.5 -4.64 9.22 -0.550 0.330 0.412 -0.200E-02
30.5 -4.21 9.24 -0.549 0.683 0.726 -0.116
30.5 -3.77 9.59 -0.541 1.27 1.24 -0.612
30.5 -3.33 10.6 -0.473 2.15 1.80 -2.04
30.5 -2.89 13.3 -0.897 4.34 3.06 -7.12
30.5 -2.39 17.5 -0.900 5.70 3.80 -11.1
30.5 -1.99 23.2 -1.32 6.96 5.18 -17.2
30.5 -1.51 31.0 -1.36 8.90 5.95 -24.2
30.5 -1.05 39.0 -1.27 8.76 6.39 -24.4
30.5 -0.610 45.1 -0.929 7.31 6.22 -12.0
30.5 -0.150 47.7 -0.532 6.57 6.21 -5.15
30.5 0.240 46.9 -0.884E-01 6.75 6.60 7.61
30.5 0.360 46.4 -0.197 6.78 6.41 10.5
30.5 0.800 42.9 0.705 7.52 6.47 18.3
30.5. 1.27 35.7 0.720 8.91 6.22 26.6
30.5 1.72 26.6 0.340 8.89 5.41 23.1
30.5 2.15 21.1 1.10 7.18 4.82 17.0
30.5 2.55 14.7 0.223 4.96 3.31 8.38
30.5 3.04 11.5 0.184 2.78 2.05 2.82
30.5 3.50 10.0 0.268 1.75 1.37 0.804
30.5 3.93 9.33 0.384 0.721 0.909 0.174
30.5 4.34 9.21 0.363 0.366 0.483 0.103E-01
30.5 4.75 9.25 0.362 0.255 0.333 0.100E-03

.B-44



C FILENAME= A50.AIR
C
C LDV SEED PARTICLES ADDED TO AIR ONLY.
C Tl101
C
C x/d y/d u v U' v' u'v'

50.0 -5.92 9.73 -1.15 1.74 1.95 -1.00
50.0 -.5.18 11.0 -1.02 2.17 2.12 -1.79
50.0 -4.15 13.2 -1.27 3.21 2.81 -5.21
50.0 -3.27 16.8 -1.45 4.60 3.58 -8.85
50.0 -2.39 21.9 -1.69 5.70 4.21 -11.1
50.0 -1.51 26.8 -1.11 5.96 4.46 -10.2
50.0 -0.620 31.0 -0.773 5.72 4.54 -4.06
50.0 0.330 32.0 -0.580 5.80 4.43 3.52
50.0 1.21 28.0 0.727E-01 6.21 4.49 9.32
50.0 2.09 22.6 0.366 5.85 3.99 9.77
50.0 2.90 17.7 0.415 4.71 3.42 6.96
50.0 3.85 13.6 0.354 3.20 2.54 3.84
50.0 4.66 11.2 0.431 2.22 1.86 1.53
50.0 5.54 9.86 0.381 1.26 1.20 0.509
50.0 6.43 9.24 0.754 1.01 1.61 0.267
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C FILENAME= A70.AIR
C TOAI

C LDV SEED PARTICLES ADDED TO AIR ONLY
C T950
C
C x/d y/d u v u u'v'

70.2 -8.54 9.54 -0.314 0.271 0.377 -0.128E-01
70.2 -7.76 9.61 -0.258 0.423 0.607 -0.280E-02
70.2 -6.88 9.85 -0.212 0.796 0.740 -0.195
70.2 -6.01 10.7 -0.239 1.46 1.19 -0.695
70.2 -5.08 1 1.7 -0.144 2.00 1.50 -1.37
70.2 -4.20 13.2 -0.232 2.73 2.08 -2.69
70.2 -3.25 15.3 -0.415 3.41 2.55 -4.24 P
70.2 -2.36 17.4 -0.321 3.67 2.71 -4.03
70.2 -1.47 19.6 -0.203 3.70 3.03 -3.79
70.2 -0.590 21.5 -0.234 3.69 3.17 -2.34 -
70.2 0.280 21.8 -0.177 3.45 3.19 1.09
70.2 1.17 20.4 -0.176 3.73 3.10 3.18
70.2 2.06 18.6 0.277E-01 3.78 2.86 4.18
70.2 2 99 15.8 -0.240 3.30 2.56 3.65 ,i

70.2 3.84 13.5 -0.180 2.72 2.19 2.68
70.2 4.76 :1.9 0.654E-01 2.07 1.68 1.72
70.2 4 77 11.8 -0.131 2.18 1.60 1.58
70.2 :.64 10.3 -).13E-01 1.49 > 20 ).820

70.2 5.65 10.9 0.817E-01 1.57 2 40 1.01
70.2 6.54 10.0 0.658E-01 0.984 0.886 0.334
70.2 7 41 9.59 0.164 0.577 0.680 0.153
70.2 8.30 9.51 0.154 0.276 0.435 -0.100E-02
70.2 9.19 9.50 0.170 0.205 0.316 -0. 230L-2

B.
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c AAX. DEN
C
C x/d RHO RHO' %TURB

5.00 0.337 2.192E-02 6.51
7.00 0.291 2.857E-02 9.81

" 9.00 0.281 3.885E-02 13.8
11.0 0.251 2.942E-02 11.7
13.0 0.226 3.463E-02 15.4
15.0 0.190 3.555E-02 18.9
17.0 0.177 2.011E-02 11.4
19.0 0.155 2.485E-02 16.0
20.0 0.150 2.537E-02 17.0
20.0 0.150 2.034E-02 13.6

f., 25.0 0.129 1.001E-02 7.75
30.0 0.123 1.189E-02 9.64
35.0 0.116 7.074E-03 6.11i-"40.0 0.114 7.365E-03 5.12

45.0 0.118 7.423E-03 6.30
50.0 0.121 7.133E-03 5.91
60.0 0.133 2.267E-02 17.0
70.0 0.153 2.302E-02 17.1

5. 40 3. 0.

I."
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U
C FILENAME: A15.DEN
C DENSITY IS NORMALIZED BY DENSITY OF INLET AIR
C
C x/d y/d RHO RHO' %TURB SKEW FLAT INT
15.6 -3.40 1.00 2.033E-02 2.02 -0.603 7.23 5.680E-03
15.6 -3.14 1.00 4.336E-02 4.32 -9.89 145. 1.910E-02 U
15.6 -2.84 0.967 0.126 13.1 -4.03 20.8 0.139
15.6 -2.57 0.813 0.261 32.0 -1.31 3.39 0.481
15.6 -2.27 0.512 0.305 59.5 0.234 1.56 0.891
15.6 -1.95 0.242 0.194 80.1 1.88 5.94 0.997
15.6 -1.65 0.123 6.074E-02 49.3 5.62 46.6 1.00
15.5 -1.32 0.110 1.844E-02 16.8 6.58 145. 1.00
15.6 -1.06 0.120 2.385E-02 19.9 8.89 264. 1.00
15.5 -0.714 0.143 2.713E-02 19.0 2.78 55.4 1.00
15.5 -0.407 0.170 3.303E-02 19.4 4.96 91.9 1 00
15.5 -7.670E-02 0.188 3.221E-02 17.2 4.41 81.0 1 .0
15.5 0.244 0.181 3.434E-02 18.9 6.86 149. 1.00
15.5 0.$56 0.157 3.098E-02 19.7 4.73 98.3 1.00
s5.5 0.858 0.131 2.451E-02 18.6 1.79 20.7 1 00

15 5 17 0.115 1.910E-02 16.7 3.25 63.4 1.30
15 5 1.49 0 .i0 2.959E-02 26.9 9.59 i90. 1.CO
15.5 1.82 0.159 0.iii 70.3 3.30 15.8 1.00
15.5 , 2.17 1 374 0. 268 71.3 0.391 2.17 0.973
15.4 2.44 0. 722 0.298 41.4 -0.714 2.02 0.628
"S3 .0 ..943 -.166 ,7 3 .06 12.2 0.190
15.4 3.44 1.00 2.352E-02 2.31 -6.60 173. 2.570E-03 "

:5.4 4.00 1.00 !.639E-02 2.30 -6.60 17.3 0.000E-0,

B-4
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C FILENAME: A30.DEN ,
c ,-C x/d y/d RHO RHO' %TURB SKEW FLAT INT

30.6 -4.66 1.00 0.139 13.8 -4.48 23.2 6.770E-02
30.6 -4.13 0.852 0.279 32.6 -1.43 3.47 0.326
30.6 -3.55 0.503 0.312 62.1 0.415 1.64 0.840
30.6 -2.95 0.289 0.209 72.5 1.64 4.97 0.987
30.6 -2.31 0.156 7.975E-02 51.2 3.87 22.7 1.00
30.5 -1.69 0.130 2.457E-02 19.1 9.23 210. 1.00
30.5 -1.07 0.131 1.852E-02 14.1 20.3 817. 1.00
30.5 -0.450 0.139 1.254E-02 9.01 1.93 36.8 1.00
30.5 0.192 0.141 1.459E-02 10.3 13.8 677. 1.00
30.5 0.824 0.141 1.762E-02 12.5 21.3 1.040E+03 1.00
30.4 2.10 0.157 4.951E-02 31.5 5.25 42.4 1.00
30.4 2.76 0.230 0.149 65.2 2.61 10.4 0.996
30.4 3.38 0.457 0.302 66.1 0.757 2.11 0.867
30.4 4.04 0 756 0.337 44.5 -0.597 1.67 0.495
30.4 4.66 1.00 0.198 19.7 -3.01 11.0 0.119
30.4 6.00 1.00 2.295E-02 0.230 -6.60 17.3 0.OOOE+00

I,-49
4i.
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C FILENAME: A50.DEN
C
C x/d y/d RHO RHO' %TURB SKEW FLAT INT
50.7 -7.67 1.00 4.385E-02 4.37 -10.5 148. 8.980E-03
50.8 -7.16 0.984 0.107 11.0 -5.27 31.5 4.880E-02
50.7 -6.59 0.926 0.187 20.1 -2.75 9.32 0.153 U
50.7 -6.02 0.789 0.275 34.9 -1.01 2.40 0.444
50.7 -5.39 0.619 0.305 49.3 -5.280E-02 1.36 0.734
50.7 -4.78 0.476 0.270 56.7 0.637 2.03 0.917
50.7 -4.15 0.344 0.207 60.2 1.39 4.21 0.986
50.7 -3.52 0.268 0.152 57.0 2.05 7.64 0.997
50.7 -2.92 0.209 0.102 49.2 2.63 12.2 1.00
50.7 -2.30 0.179 7.730E-02 43.2 3.35 19.1 1.00
50.7 -1.64 0.148 4.049E-02 27.4 4.73 38.7 1.00
50.6 -1.05 0.136 2.467E-02 18.1 5.01 42.4 1.00
50.6 -0.393 0.132 1.615E-02 12.2 4.96 56.3 1.00
50.6 0.230 0.131 1.516E-02 11.6 4.79 52.6 1.00
50.6 0.853 0.132 2.156E-02 16.3 6.96 105. 1.00
50.6 1.48 0.139 3.820E-02 27.4 4.96 40.1 1.00
50.6 2.11 0.154 5.664E-02 36.8 4.06 29.1 1.00
50.6 2.77 0.194 0.104 53.4 2.94 14.4 0.999
50.6 3.39 0.243 0.146 60.3 2.26 9.02 0.996
50.5 4.03 0.332 0.220 66 3 1.56 4.69 0.966
60.5 4.58 0 425 0.268 63.: 1.01 2.80 0.908
50.5 5.30 0.610 0.324 53.1 0 183 1.44 0.712
50.5 5.97 0.775 0.327 42.2 -0.564 1.63 0.475
50.5 6.60 0.943 0.257 27 4 -1.79 4.61 0.217 b
50.5 7.29 1.00 0.145 13.8 -4.13 19.6 6.270E-02
50.5 7.92 1.00 7.721E-02 7.23 -7.77 69.7 1.720E-02
50.5 8.59 1.00 2.041E-02 1.89 -0.780 14.3 4.280E-04

I,.
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CC FILENAME ALITAX.DAT
cC

CC x/d y/d MEAN SIG
1.000 0.485 0.185 0.018 N
4.730 0.485 0.209 0.029
9.390 0.485 0.211 0.040

14.150 0.485 0.211 0.044
188o o0.8 o.2 0.04918.840 0.485 0.221 0.049
23.595 0.485 0.227 0.057
28.295 0.485 0.231 0.059
34.810 0.485 0.240 0.073 I
39.400 0.480 0.236 0.074

44.030 0.485 0.238 0.073
48.750 0.485 0.219 0.060
50.580 0.485 0.217 0.065
55.300 0.485 0.196 0.059
59.880 0.485 O.156 0.049 IN
64.575 0.485 0.115 0.051
69.290 0.485 0.072 0.033 p
74.060 0.480 0 -S1 0.023
74.060 0.485 0-050 0 022
i8.395 0.485 0.040 ).31,
83670 0.485 0 032 0 .005
88.450 0.485 0.334 .Jos

'f-.
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C FILENAME ALIT15.DAT
C
C x/d y/d MEAN SIG
15.3 3.30 0.416E-01 0.558E-02
15.3 2.42 0.437E-01 0.617E-02
15.3 1.95 0.795E-01 0.422E-01
15.3 1.49 0,300 0.904E-01 -

15.3 1.03 0.304 0.980E-01
15.3 0.560 0.233 0.550E-01
15.3 0.100 0.225 0.496E-01
15.3 -0.395 0.224 0.476E-01
15.3 -0.800 0.248 0.656E-01
15.3 -1.27 0.343 0.103
15.3 -1.73 0.159 0.714E-01
15.3 -2.18 0.528E-01 0.209E-01
15.3 -2.63 0.434E-01 0.597E-02
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C FILENAME ALIT3O.DAT
c
C x/d y/d MEAN SIG
30.1 4.73 0.390E-01 0.500E-02
30.0 4.33 0.390E-01 0.500E-02
30.1 4.33 0.390E-01 0.500E-02
30.1 3.87 0.410E-01 0.900E-02
30.0 3.41 0.500E-01 0.220E-01
30.0 2.95 0.640E-01 0.390E-01
30.0 2.47 0.157 0.730E-01
30.0 2.00 0.236 0.820E-01
30.0 2.01 0.239 0.800E-01
30.1 1.53 0.301 0.980E-01
30.0 1.07 0.270 0.900E-01
30.0 0.610 0.240 0.660E-01
30.0 0.140 0.229 0.640E-01
30.0 -0.305 0.225 0.610E-01
30.0 -1.22 0-26S 0.880E-01
30.0 -2l.13 0.218 0.840E-01
30.0 -2.13 0.220 0.770E-01
30.0 -2.65 0.129 .4E0
30.0 -3.05 0.670E-01 0.420t:-U1
30.0 -3.96 0.400E-01 0.600E-02
30.Q -4.86 0.380E-J1 0.500Ei-02
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C FILENAME ALIT50.DAT
C
C x/d y/d MEAN SIG
50.0 5.79 0.370E-01 0.50E-02
50.0 4.93 0.380E-01 0.800E-02
50.0 4.93 0.380E-01 0.700E-02 i
50.0 4.00 0.510E-01 0.240E-01
50.0 4.00 0.440E-01 0.1soE-01
50.0 3.08 0.760E-01 0.430E-01
50.0 2.13 0.147 0.610E-01
50.0 1.21 0.209 0.620E-01
50.0 0.280 0.211 0.630E-01
50.0 -0.240 0.214 0.600E-01
50.0 -1.09 0.210 0.640E-01
50.0 -2.01 0.167 0.640E-01
50.0 -2.98 0.101 0.560E-01
50.0 -2.99 0.980E-01 0.540E-01
50.0 -3.84 0.520E-01 0.270E-01
50.0 -4.74 0.380E-01 0.700E-02
50.0 -5.64 0.360E-01 O.500E-02

p..
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C FILENAME ALIT70.DAT
C

4 C x/d y/d MEAN SIG
70.2 6.24 0.310E-01 0.400E-02
70.2 5.39 0.320E-01 0.400E-02
70.2 4.46 0.330E-01 0.600E-02
70.2 3.55 0.360E-01 0.800E-02
70.2 2.61 0.420E-01 0.160E-01
70.2 1.68 0.550E-01 0.260E-01
70.2 0.740 0.590E-01 0.270E-01
70.2 -0.260 0.770E-01 0.340E-01
70.2 -1.18 0.610E-01 0.320E-01
70.2 -2.10 0.30E-01 0.220E-01
70.2 -3.0 0.390E-O 0.120E-01
70.2 -3.92 0.350E-01 0.800E-02
70.2 -4-83 0-320E-01 0.400E-02
70.2 -5.73 0.310E-01 0.400E-02
70.2 -0.245 0.800E-01 0.380E-01

)4'.
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C FILENAME= BAX.JE=
C
C AXIAL VELOCITY PROFILE, y/d=0.0
C
C y/d x/d u v u) v' u'v'

0 3.5000 175.9802 1.4726 7.9599 6.4424 -1.8589 -
0 3.9000 174.0092 2.5951 8.6906 7.8267 -2.9472
0 10.5000 160.9253 6.0506 13.7154 10.1891 -7.8100
0 15.4000 140.8872 7.8320 17.1013 11.22S2 -26.6482'
0 20.5000 122.0559 5.1390 16.7506 11.7364 7.1377
0 25.4000 102.8880 6.6849 15.8766 12.3028 -6.6898
0 30.4000 91.6033 5.4030 15.2432 11.5883 -1.7962 m
0 35.3000 78.7612 3.4673 14.7656 10.6861 -3.7338
0 40.3000 69.4795 2.1429 12.6976 10.3222 -2.0507
0 45.3000 61.2562 2.6146 12.3323 9.3438 -1.9487
0 51.3000 53 4220 1.4968 10.1649 8.5551 0.8143
0 50.2000 54.3121 1.6477 11.3366 8.4849 3.1888
0 60.2000 44.6086 -0.0760 8.4066 7.8194 5.5201
0 70.0000 36.9306 -0.0414 7.4858 6.2968 1.0942
0 30 0000 21 3126 -D 9904 5-3450 .265 " 0429

B- 56
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C FILENAMEz B03.1BOT

C LDV SEED ADDED TO BOTH JET AND AIR STREAM
C clock 1000
C x/d y/d u v u) v' u#v)

3,700 -4.880 8.873 -.2567 0.1178 0.3109 0.2000E-02 g
3 700 -4.010 8.844 -.2320 0.1131 0.3067 0.3000E-03
3 700 -3.120 8.810 -.2309 0.1473 0.3174 0.5800E-02
3 700 -2.230 8.670 -.2724 0 3569 0.3670 0.3290E-01
3 700 -1.340 7-820 -.3723 0.b446 0.7837 0.1338
3 700 -.4500 99.83 3.323 22.42 13.33 -172.7
3.700 0.4500 138.6 -.6029 16 81 9.412 53.76
3 700 1.340 7.976 0.4580E-01 1.310 1.221 0.1800
3 700 3.1J0 8.758 0.4200E-01 0.1794 0.3219 -.1200E-01

3.700 4.020 8.826 0.5930E-01 0.1381 0.3433 -.4900E-02
4

%I
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C FILENAML- B70.BOT
CC LDV PARTICLES ADDED TO BOTH AIR STREAM AND JET FLUID.

C T1100 "
CC x/d y/d u v u) v' u'v'

70.1 -10.0 9.24 -0.321 0.829 1.48 0.139 .,

70.1 -9.18 9.37 -0.286 0.931 2.04 -0.277
70.1 -8.31 10.7 -1.06 2.11 2 .20 -1.72
70.1 -7.41 11.9 -1.08 2.82 2.68 -3.10
70.1 -6.50 13.9 -1.12 3.48 3 .07 -4.35

70.1 -5.62 15.9 -1.19 4.27 3.74 -6.52
70.1 -4.72 18.7 -1.28 5.25 4.54 -9.79 -
70.1 -4.73 20.9 -1-30 6.10 4.94 -12.2
70.1 -2.95 25 8 -1.38 7.12 5.66 -15.8
70.1 -2.02 29.4 -1.23 8.04 5.83 -16.5
70.1 -1.13 33.8 -0.952 8.01 6.17 -12.2
70.1 -0.240 36.8 -0.646 7.82 6.18 -4.79
70.1 0.650 36.1 -0.246 7.60 6.20 5.41
70 1 1.54 32.7 -0.121 8.34 6.37 15.7
70.1 2.46 28.9 0.317 7.97 5.85 16.2 .. ,

70.1 3.31 24.0 0.514 6.62 5.70 14.5
70.1 4.24 20.8 0.444 5.83 4.68 10.7
70.1 3.j5 :7.4 0.577 4.73 4.35 9.33
70.: 5.97 14 8 0.557 4.08 3.43 5.52
70.1 6.87 12.5 0.338 2.94 2.64 3.13
70.' 7 75 11.2 0.593 2.61 2.20 2.48
70.1 8.64 9.93 0.223 1.51 1.34 0.608
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C FILENAME= B30.JET
c
C CLOCK=1.0

C x/d y/d u v u v' u'v)

30.50 -3.640 17.04 -3.363 6.218 6.369 -17.05

30.50 -3.230 21.63 -3.920 7.041 7.256 -22.51

30.50 -2.710 24.71 -3.276 7.297 8.685 -22.01

30.50 -2.340 27.83 -. 9356 6.987 9.620 -20.91

30.50 -1.890 49.87 -4-252 16.08 11.38 -79.64

30.50 -1.440 61.80 -4.148 15.98 11.57 -62.17
30.50 -1.020 72.71 -1.990 16.23 11.62 -64.40
30.50 -.5800 82.46 -.4267 15.37 12.16 -49.91

30.50 -. 1200 87.99 -. 3188 15.75 12.47 -32.59

30.50 0.3300 86.90 0.7475 16.14 12.71 41.22

30.50 0.8200 78.44 2.291 16.20 12.86 60.85

,: 30.50 1.250 67.61 2.730 17.30 12.81 98.10

30.50 1.690 56.31 3.706 16.51 13.04 86.04

30.50 2.140 41.79 3.468 13.98 12.01 63.45

30.50 2580 33.44 4.423 13.23 10.56 64.49

30.50 3.020 25.20 3.932 10:4 855 41.52"

30 50 3 460 18 93 3.243 7.155 6.798 23.58

30.50 3.00 .5.:4 2.775 5.763 5774 17 .,."

30 50 3 900 15.:? 2.959 5.568 5.581 :5.33

30.50 4.340 12.50 2.425 4.043 4529 .. 701

30.50 780 10.19 1.385 339 3 447 4 170

30.50 5.230 9.229 1.666 2.214 3.053 1.907

iv
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I
L FILENAME= B50.JET
C CLOCK=1100
C x/d y/d u v u ' u'v'
50.30 -4.820 18.27 -2.973 5 653 5.892 -14.85
50.30 -3.940 22.68 -2.983 6.748 6.975 -20.61
50.30 -3.050 26.96 -2.213 6.686 7.469 -15.93
50.30 -2.170 40.59 -3.362 10.77 8.519 -34.09
50.30 -1.260 48.98 -2.825 10.70 9.038 -26.52
50.30 -.3300 55.25 -1.788 11.11 9.370 -11.85
50.30 0.5500 55.16 0.7289 11,63 9.289 7.976
50.30 1.430 47.77 1.356 10.88 8.846 27.09
50.30 2.310 38.68 2.010 11.79 8.392 36.88
50.30 3.230 29.98 2.922 9.823 8.003 34.09
50.30 4.070 22.64 2.386 7.117 6.546 17.65
50.30 4.960 17.48 2.174 5.460 5.223 11.89
50.30 5.840 13.97 1.821 4.228 4.065 7.918
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C FILENAME= B70.JET
C
C CLOCK 1150
C x/d y/d u v us v' uIv'

70.10 -7.380 12.76 -1.478 3.189 3.244 -4.334

70.10 -6.530 15.31 -2.049 3.994 3.975 -5.768

70.10 -5.680 17.31 -2.289 4.628 4.623 -8.957

70.10 -4.790 19.59 -2.320 5.099 5.135 -10.97

70.10 -3.880 23.73 -2.350 6.444 5.736 -14.55

70.10 -3.020 26.86 -2.108 7.426 5.958 -16.25

70.10 -2.080 31.93 -2.247 7.930 6.410 -17.21

70.10 -1.190 35.97 -1.530 8.339 6.748 -11.35

70.10 -.2900 37.83 -1.332 7.529 6.219 -4.396

70.10 0.5000 37.68 0.1935 7.848 6.367 3.357

70.10 1.490 34.44 0.2664 8.238 6.184 12.46

70.10 2.380 29.28 0.6348 8.129 6.027 19.54
70.10 3.280 25.49 1.102 7.023 5.781 17.06

70.10 4.170 21.83 1.260 5.960 5.256 12.83

70.10 4.990 18.83 1.173 5.384 4.586 10.45

70.10 5.920 15.99 1.364 4.464 3.931 7.821

70.10 6 820 13.59 1.280 3.692 3.586 4.550

70.10 7.680 11.77 1.096 2.638 2.628 2.316

70-10 8.580 10.74 1.109 2.266 2.342 1.522

70.10 9.470 9.698 0.)465 1.657 2.332 0.7441

t4
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C FILENAME B30.AIR
C RADIAL VELOCITY PROFILES AT x/d=30, LDV PARTICLES ADDED TO AIR ONLY
C clockl..0
C x/d y/d u v up v u'v''
30.50 -5.880 9.172 -.4865 0.2592 0.4372 0.5400E-02
30.50 -5.810 9.344 -.6129 0.7818 1.188 -.9300E-01
30.50 -5.450 9.189 -.5150 0.4102 0.5934 0.2170E-01
30.50 -5.070 9.285 -.6207 0.7305 1.194 -.2373
30.50 -4.630 9.724 -.5211 1.424 1.512 -.7383 ION
30.50 -4.170 11.16 -.8154 2.953 2.658 -3.528,,

30.50 -3.730 13.83 -.8689 4.468 3.809 -7.948
30.50 -3.230 18.19 -1.667 6.842 5.870 -19.69
30.50 -2.790 23.02 -1.785 9.048 7.413 -32.39
30.50 -2.340 31.21 -1.809 11.95 9.205 -50.43
30.50 -1.900 41.40 -1.998 15.27 10.74 -76.39
30.50 -1.460 56.95 -1.795 17.12 11.90 -82.43
30.i0 -1.020 66.25 -.7552 16.21 12.70 -78.29
30.50 -.5700 78.30 1.024 16.44 12.93 -61.26
30.50 -.1100 85.64 0.4951 15.57 12.86 -33.60
30.50 0.3100 84.04 0.8008 16.20 12.66 29.22
30.50 0.8200 75.41 0.7754 16.07 13.79 75.13
30.50 1.190 63.74 0.8758 17.00 13.30 97.99
30.50 1.650 50.39 1.375 17.38 12.43 107.3
30.50 2.130 37.38 1.320 14.56 10.76 70.44

30.50 2 580 27.38 1.189 11.54 8.525 47 50
30.50 3 020 20.S7 1.243 8.761 7.274 33.09
30.50 3.460 15. 41 0.9374 5.485 4.853 13 07
30.50 3.860 12.14 0.7515 3.766 3.423 5.943
30.50 4.340 ]0.34 0.4147 2.124 1.996 1.441
30.50 4.780 9.512 0.4680 1.017 1.298 0.4293
30.50 5.220 9.246 0.3782 0.5322 U.7121 -.7700E-02
30.50 6.110 9.214 0.4123 0.2351 0.4177 -.5600E-02

B---
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C FILENAME= BSO.AIR
C
C CLOCK=1000
C x/d y/d u v up v' u'v'

50.20 -7.710 9.321 -.5102 0.6040 0.8076 0.5660E-01
50.20 -7.350 9.399 -.5204 0.2448 0.4532 0.1400E-01
50.20 -7.350 9.623 -.6378 1.201 1.362 -.5530
50.20 -6.910 10.01 -.5947 1.523 1.523 -.8142
50.20 -6.020 11.94 -.9341 2.866 2.944 -3.809
50.20 -5.580 13.19 -.8103 3.355 3.184 -4.135
50.20 -5.580 15.09 -1.201 4.265 3.866 -6.306
50.20 -4.690 17.02 -1.202 5.397 4.555 -11.40
50.20 -4.230 19.55 -1.029 6.195 5.243 -14.60
50.20 -3.770 23.26 -1.810 7.905 6.113 -20.99
50.20 -3.330 25.77 -1.053 9.103 6.512 -28.40

" 50.20 -2.860 29.85 -1.497 10.26 7.324 -33.49
- 50.30 -2.350 33.97 -1.351 10.86 8.441 -37.92

50.30 -2.040 38.31 -.9754 11.85 8.363 -40.54
50.30 -1.540 44.22 -1.704 10.58 8.840 -30.69
50.30 -1.090 48.39 -.9741 10.82 9.110 -27.93
50.30 -.6500 51.65 -.7754 10.81 9.333 -20.18
50.30 -.2000 53.69 -.1906 i0.79 9.270 -:2.41

r 50.30 3.2400 53.74 -.1834 10.52 9.200 .75,
50.30 0.6800 S! 7 0. 5200 10.30 -.02 17.36
50.30 >1.20 48.D7 0.7178 10 55 9.'35 27 )2
50.30 1.550 44.25 0.7841 10.83 9.35A 33.30
50 30 1.770 43.99 1.124 10.65 8.785 34.77
50.30 2.040 40.44 2.014 10.92 8.707 38.92
50.30 2.500 33.38 1.023 10.96 8.500 42.93
50.30 2.940 29.13 1.157 9.975 7.845 33.12
50.30 3.360 24.73 0.7608 9.182 6.768 28.40
50.20 3.800 20.51 0.6422 5.364 5.787 13.69
50.20 4.270 17 89 0.9634 5.648 5.113 11.29
50.20 4.680 13.93 0.5320 4.038 3.753 7.193
50.20 5.590 12.55 0.6919 3.503 2.921 4 911
50.20 6.040 11.17 0.4040 2.354 2.301 2.285
50.20 C-480 ic.39 0.3547 1.723 :859 1.387
50.20 6.910 9.773 0.3677 1.372 1.387 0.6606
50.20 7.340 9.571 0.3018 0.9118 1.069 0.2419
50.20 7.800 9.447 0.3416 0.4892 0.7814 0.2590E-01
50.20 8.240 9.419 0.2796 0.3471 0.5800 -.4040E-01

50.20 8.680 9.397 0.2905 0.2885 0.4775 -.2430E-01
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C FILLNAME= B70.AIR

C LDV PARTICLES ADDED AIR ONLY

C T1100

C ic-
C x/d y/d u v U) v' u'v' I
70.1 -10.9 9.21 -0.300 0.386 1.08 -0.650E-02
70.1 -10.1 9.17 -0.382 0.807 1.16 0.421E-01
70.1 -9.19 9.69 -0.633 1.48 1.83 -1.17
70.1 -7.53 12.0 -0.909 3.06 2.87 -3.45
70.1 -6.60 13.6 -0.997 3.44 3.22 -4.41
70.1 -5.71 16.1 -1.11 4.32 3.77 -6.95
70.1 -4.82 19.0 -1.45 4.99 4.49 -8.07
70.1 -3.95 21.7 -1.17 6.11 5.10 -13.6
70.1 -3.01 25.7 -1.14 7.12 5.84 -18.3
70.1 -2.14 31.0 -1.49 7.96 6.28 -17.9
70.1 -1.22 33.9 -0.376 8.01 6.12 -14.8
70.1 -0.330 36.3 -0.425 7.77 6.30 -6.43
70.1 0.550 37.0 -0.150 7.76 6.40 1.58
70.1 1 42 33.S .169 7 97 6.46 15.0
70.1 2.32 29.1 0.191 7.82 6.40 19.2 ,
70.1 3.19 24.3 0.235 7.00 5.70 is5.6
70.1 .3 20.5 0.418 5.79 5.01 13.0
70.i 5.84 14.7 0.563 3..5 3.42 5.39
70.1 5.03 1".: 0.636 5.01 4.27
70.1 6.79 12.7 0.531 3.13 2.84 3-99 ,."
702.i 7 67 11.0 0.412 2 .34 2.13 1.87 "
70.1 8.55 9.84 0.189 1.34 1.42 0.624
70.1 9.43 9.37 0.294 0.910 1.12 0.130
70.1 10.3 9.21 0.283 0.483 1.02 -0.340E-02 [5
70.1 11.3 9.27 0.241 0.268 0.560 -0.100E-03

6. 4
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C BAX. DEN
C
C AT x/d GREATER THAN 70, RHO' IS NOT AVAILABLE,
C THE 'NO DATA' ENTRY IS SIGNIFIED BY 0.
C
C x/d RHO RHO' %TIURB
5.00 0.327 2.058E-02 6.30
6.00 0.316 2.530E-02 8.00
7.00 0.311 2.426E-02 7.80
8.00 0.301 2.260E-02 7.50
9.00 0.279 2.166E-02 7.77
9.00 0.277 2.773E-02 10.0
9.00 0.277 1.828E-02 6.60
9.00 0.280 3.029E-02 10.89.00 0.277 2.684E-02 9.69

10.0 0.272 2.288E-02 8.42
11.0 0.247 2.795E-02 11.3
L2.0 0.235 2.117E-02 9.00
13.0 0.211 2.635E-02 12.5
14.0 0.202 1.879E-02 9.30
15.0 0.188 1.637E-02 8.70
20.0 0.153 1.272E-02 8.30
25.0 0.150 9,739E-03 6.50
30.. 0.134 7.780E-03 5.80
35.0 0.129 6.833E-03 5.30
40.0 0.132 6.157E-03 4.65
45.0 0.120 6.972E-03 5.80
50.0 0.117 8.054E-03 6.90
60.0 0.124 1.472E-02 11.9
570.0 0.138 2.477E-02 18.0
85.0 0.201 0. 0.
104. 0.228 0. 0.
150. 0.375 0. 0.
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C FILENAME= B15.DEN
C

C x/d y/d RHO RHO' %TURB SKEW FLAT INT

15.5 -3.66 1.00 3.016E-02 3.00 -10.8 214. 6.230E-03

15.5 -3.12 0.918 0.190 20.7 -2.59 8.71 0.206

15.5 -2.83 0.779 0.275 35.3 -1.03 2.56 0.510 U
15.5 -2.56 0.530 0.296 55.7 0.194 1.56 0.896

15.5 -2.25 0.322 0.225 69.7 1.22 3.57 0.994

15.5 -1.93 0.189 0.128 67.8 2.40 9.72 1.00

15.5 -1.63 0.127 5.590E-02 44.0 4.51 33.3 1.00

15.5 -1.30 0.112 2.213E-02 19.7 11.0 260. 1.00

15.5 -1.03 0.120 1.803E-02 15.1 7,85 217. 1.00
15.4 -0.676 0.143 2.148E-02 15.1 4.77 183. 1.00 I,

15.5 -0.383 0.173 2.508E-02 14.5 2.24 41.0 1.00

15.5 -6.710E-02 0.199 2.836E-02 14.2 7.85 199. 1.00
15.4 0.244 0.191 2.639E-02 13.8 4.09 75.5 1.00

15.4 0.580 0.161 2.672E-02 16.6 6.88 178. 1.00

4
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C FILENAME= B30.DEN
'C

C x/d y/d RHO RHO' %TURB SKEW FLAT INT
30.6 -6.26 1.00 4.139E-02 4.13 -12.8 218. 6.350E-03
30.6 -5.33 0.934 0.178 19.1 -2.74 9.47 0.160
30.6 -4.49 0.630 0.298 47.2 -0,108 1.47 0.734
30.6 -3.89 0.399 0.244 61.2 0.968 2.85 0.966
30.5 -3.25 0.250 0.157 63.0 1.92 7.02 0.998
30.5 -2.64 0.163 8.066E-02 49.4 3.09 16.3 1.00
30.5 -2.00 0.129 3.516E-.02 27.3 5.17 49.9 1.00
30.5 -0.115 0.131 1.352E-02 10.3 21.7 1.370E 03 1.00
30.4 3.07 0.225 0.130 58.0 2.29 9.40 0.999

-" 30.3 4.66 0.684 0.300 43.9 -0.311 1.53 0.641

B67



C FILENAME= BSO.DENc
C x/d y/d RHO RHO' %TURB SKEW FLAT INT
50.7 -10.5 1.00 2.008E-02 2.00 4.180E-03 2.97 3.480E-03
50.7 -8.45 0.959 0.113 11.8 -4.28 21.7 9.580E-02
50.7 -7.84 0.893 0.188 21.0 -2.17 6.40 0.282
50.7 -7.24 0.775 0.249 32.2 -0.877 2.24 0.589
50.6 -6.62 0.643 0.274 42.5 -0.178 1.50 0.848
50.7 -6.01 0.523 0.252 48.2 0.463 1.90 0.943
50.7 -5.41 0.401 0.212 52.9 1.03 3.20 0.993
50.6 -4.80 0.313 0.165 52.6 1.52 5.31 0.999
50.6 -4.16 0.253 0.126 49.9 1.87 7.53 1.00
50.6 -3.56 0.209 9.262E-02 44.2 2.26 10.3 1 00
50.6 -2.92 0.173 6.689E-02 38.7 2.74 15.3 1.00
50.6 -2.30 0.148 4.533E-02 30.6 3.26 21.7 1.00
50.6 -1.69 0.134 3.098E-02 23.2 3.14 18.4 1.00
50.6 -1.06 0.125 2.139E-02 17.0 4.02 32.7 1.00
50.6 -0.417 0.119 1.434E-02 12.0 3.73 40.9 1.00
50.6 0.187 0.116 1.246E-02 10.7 2.38 15.4 1 00
50.6 0-829 0.118 1.574E-02 13-3 4.51 45 7 100 ..

50.5 2.74 0.146 5.074E-02 34.8 3.03 17 6 1 00
30.5 .,0 0.16i 0.199 55.0 1.23 3.93 0.494

B5
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C FILENAME: CAX.DEN
C
C x/d RHO RHO' %TURB
5.00 0.318 1.590E-02 5.00
6.00 0.310 1.822E-02 5.88
7.00 0.307 1.852E-02 6.04
8.00 0.298 1.572E-02 5.27
9.00 0.280 1.671E-02 5.96
10.0 0.270 1.853E-02 6.85
11.0 0.248 1.748E-02 7.06
12.0 0.226 1.762E-02 7.79
14.0 0.198 1 .746E-02 8.80
15.0 0.187 1.508E-02 8.07
16.0 0.182 1.492E-02 8.20
17.0 0.170 1.620E-02 9.50
18,0 0.164 1.475E-02 9.00
19.0 0.158 1.180E-02 7.46
20.0 0.148 1.136E-02 7.70
25.0 0.139 8.918E-03 6.40
30.0 0.128 6 .969E-03 5.45
35.0 0.120 5 .984E-03 5.00
40.0 0.121 5.823E-03 4.80
45.0 0.116 7.042E-03 6.05
s0 v 0.-18 i.098E-02 9.30
60.0 0.126 1.881E-02 14.9
70.0 0.148 2.803E-02 19.0
80.0 0.213 3.054E-02 14.3
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C FILENAME: C15.DEN
C
C x/d y/d RHO RIIO' %TURB SKEW FLAT INT
15.5 -3.91 1.00 2.721E-02 2.71 -8.92 179. 5.440E-03
15.5 -3.47 0.951 0.147 15.4 -3.39 14.1 0.126
15.5 -2.87 0.628 0.289 45.9 -0.156 1.55 0.785 I
15.5 -2-97 0.426 0.252 59.3 0.722 2.37 0.964 -
15.5 -2.25 0.261 0.170 65.0 1.64 5.56 0.999
15.5 -1.93 0.161 8.934E-02 55.4 2.89 14.3 1.00
15.5 -1.60 0.122 4.008E-02 32.8 4.46 34.5 1.00
15.5 -1.29 0.112 1.967E-02 17.5 14.5 492. 1.00
15.5 -0.695 0.147 2.336E-02 15.9 13.3 519. 1.00
15.5 -6.710E-02 0.206 2.844E-02 13.8 8.37 225. 1.00
15.5 0.585 0.171 2.295E-02 13.4 4.59 109. 1.00 V-"
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C FILENAME: C30.DEN
C
C x/d y/d RHO RHO' %TURB SKEW FLAT INT
30.6 -7.06 1.00 2.049E-02 2.04 -1.58 32.5 2.750E-03
30.6 -6.00 0.959 0.151 15.7 -3.35 13.6 0.111
30.6 -5.08 0.702 0.289 41.0 -0.388 1.61 0.624
30.6 -4.18 0.397 0.234 59.0 0.995 3.06 0.965
30.5 -3.56 0.250 0.148 59.0 1.98 7.56 0.998
30.5 -2.94 0.171 8.279E-02 48.3 2.78 13.8 1.00
30.5 -2.31 0.134 3.541E-02 26.5 4.16 30.7 1.00
30.5 -1.68 0.125 1.697E-02 13.5 18.9 1.080E+03 1.00
30.5 -0.441 0.134 1.303E-02 9.69 16.9 867. 1.00
30.5 0.824 0.136 1.877E-02 13.8 29.0 1.380E+03 1.00

• 30.4 4.02 0.319 0.190 59.6 1.49 4.90 0.989
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C FILENAME: C50.DEN
C.

C x/d y/d RHO RHO' %TURB SKEW FLAT INT
50.8 -10.7 1.00 2.803E-02 2.79 -9.78 194. 4.580E-03
50.7 -9.61 0.984 8.607E-02 8.77 -6.02 42.3 4.200E-02
50.7 -8.42 0.852 0.223 26.2 -1.40 3.50 0.355 i
50.7 -7.82 0.738 0.265 35.9 -0.573 1.80 0.599
50.7 -7.23 0.602 0.266 44.3 0.143 1.60 0.821
50.7 -5.61 0.499 0.245 49.1 0.633 2.23 0.921
50.7 -6.00 0.389 0.201 51.7 1.16 3.71 0.985
50.7 -5.39 0.306 0.153 50.2 1.64 6.10 0.997
50.7 -4.78 0.253 0.120 47.5 1.94 8.19 0.999
50.7 -4.16 0.215 8.689E-02 40.4 2.02 8.88 1.00
50.6 -3.55 0.189 6.746E-02 35.6 2.56 13.4 1.00
50.6 -2.92 0.366 5.090E-02 30.7 2.97 18.8 1.00
50.6 -2.3C 0.150 3.574E-02 23.8 3.24 20.9 1.00
50.6 -1.64 0.141 2.762E-02 19 6 3.57 24.6 1.00
50.6 -1.04 0.135 2.082E-02 15.4 3.19 19.6 1.00
50.6 -0.417 0.132 i.787E-02 13.5 3.62 27.3 1.00
50.6 0 216 0.129 1.566E-02 12.2 3.39 25.9 1.00
50.6 0.843 0.128 1.582E-02 12.4 3.40 28.4 1.00
50.i :.50 0.130 :.318E-02 14.3 3.33 24 0 ".30
50.5 3.38 0.!61 5.713E-02 35.4 3.21 20.4 1.00
50.5 6 .8 0.421 0.217 5.5 1.31 3.23 _.965
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APPENDIX B-2

SUMMARY OF G. E. DATA

The following tables provide Raman, saturated fluorescence and

laser velocimetry data for the horizontal turbulent hydrogen/air jet diffusion

flame, Re. = 8500, studied by Drake and coworkers, c.f., Table 2 for sources.

The Raman data consist of radial profiles at x/d = 10, 25, 50, 100. 150
and 200. The radial distance, Y, listed in the tables, has not been corrected

for a small centerline shift which was experimentally determined by
matching Favre-averaged mixture fraction profiles above and below the

geometric centerline. Tabulated values are conventional averages except for

avre-averaged mixture fraction (FMF) and Favre intermittency (FINT). The

tabulated values are presented as processed and include more significant

figures than warranted.

The saturated fluorescence data coniist of radial profiles at x/d = 10,
25, 50, 150 and 200. In this case the tabulated values of Y have been

corrected for the small measured displacement of the flame centerline;
however, the value of the shift is given. The mean and rms values are

conventionally averaged.

The velocity data consist of an axial scan and radial profiles at x/d =

50,100 and 200.'
A final set of Raman data is also included. This provides mean and

rms values of mixture fraction, similar to the first part of the tabulation.

However, values of skewness, flatness and the first three normalized zero

moments are also provided. These data are useful for comparing detailed

shapes of mixture fraction PDF's.
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**FILENAME= AMAO1A:FH:CB CREATED 9:48 AM THU., 12 JAN., 1984

**AVG.TOTAL DATA

**MIXTURE FRACTION,DENSITY, INTERMITTFMCY

**HYDROGEN JET FLAME RE=8500. X/D= 10. CUT-OFF MF= .0004

**YCL(MM)=-0.50 FAVRE MIXTURE FRAC HALF RAD=3.05
Y TEMP DENS MF FMF INT FINT RMS ***RMS (E-4)***** FILE

**(MM) (K) (E-4) (E-3) (E-3) TEMP DENS MF FMF NAME

7.0 345.8 10.86 .377 .173 .148 .095 155.2 1.886 15.2 7.6 MSPIF

6.5 491.1 9.19 1.750 .624 .430 .300 375.0 3.109 43.0 20.5 M8P1G

6.0 931.2 5.40 6.552 2.933 .845 .684 533.4 3.432 86.5 55.6 MEPIE

5.5 1510.6 2.59 19.67 12.46 .990 .957 489.6 1.922 198.8 162.8 M8P1H

5.0 1825.2 1.40 47.55 43.52 1.00 1.00 307.9 .289 328.1 312.3 M8PID

4.5 1673.6 1.21 82.44 78.64 1.00 1.00 380.2 .154 495.3 477.9 M8PlI

4.0 1451.7 1.11 120.0 117.0 1.00 1.00 400.3 .153 638.6 628.5 MEPIC

3.0 1108.8 1.03 200.4 193.0 1.00 1.00 267.3 .213 870.4 843.3 M8P1J

2.0 764.4 1.02 313.3 310.6 1.00 1.00 242.1 .128 1108. 1132. M8PIB

0.0 522.9 .99 462.9 461.1 1.00 1.00 103.5 .057 855.6 852.9 M8PlA

-4.0 1101.5 1.01 204.0 196.5 1.00 1.00 274.7 .162 807.4 786.9 M8PIK

b -*VZ.'U-"3 CREATED 9:48 AM THU., 12 J2., 1994

**VG. TCT-L -TA

-**TEMpERAT URZ ,VC E F C T1 C'N,?R.M 5
*HYDROGEN JET FLAME RE=850 0 . X/D= 10. CUT-OFF MF= .0004

** Y TEMP. ***MOLE FRACTION (E-2) ***RMS MOLE FRACTION (E-4)* FILE

**(MM) (K) *** N2 F120 H2 02 * N2 H20 H2 02 * NAME

7.0 345.8 76.39 2.39 .02 20.28 101.9 198.6 6.5 143.6 M8PIF

6.5 491.1 75.79 4.03 .15 19.11 237.0 488.6 66.8 333.2 MSP1G

6.0 131.2 73.27 9.16 .93 15.76 449.0 735.7 348.0 552.3 M8PIE

5.5 1510.6 67.25 18.40 4.85 8.70 965.5 881.8 1022. 675.5 MSPIH

5.0 1825.2 53.91 24.67 18.80 1.97 1350. 513.2 1727. 341.7 M8PlD

4.5 1673.6 40.94 23.59 34.80 .18 3.399. 641.5 2011. 90.1 M8P1I

4.0 1451.7 31.73 17.48 50.30 .11 1165. 697.5 1793. 45.6 M8P1C

3.0 1108.8 19.50 12.84 67.40 .03 854.5 469.9 1322. 1-1.5 M8PIJ

2.0 764.4 12.00 7.27 80.54 .04 634.0 361.5 993.0 10.8 M8P15

0.0 522.9 5.98 3.86 90.05 .04 224.1 134.7 357.9 11.1 M8PIA

-4.0 1101.5 18.87 12.49 68.40 .03 798.9 502.7 1294. 12.3 M8P1K
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**FILENAME= AMAO2A:FH:CB CREATED 3:38 PM TUE., 10 JAN., 1984
**AIG. TOTAL DATA pp,
**MIXTURE FRACTION, DENSITY, IN TERMITTENCY e
**HYDROGEN JET FLAME RE=8500. X/D= 25. CUT-OFF MF= .0004
**YCL(MM)=-0.40 FAVRE MIXTURE FRAC HALF RAD=6.40 .
** i

** Y TEMP DENS MF FMF INT FINT RMS ***RMS (E-4)****** FILE
**(MM) (K) (E-4) (E-3) (E-3) TEMP DENS MF FMF NAME .

16.0 308.2 11.36 .086 .086 .020 .020 5.1 .190 1.4 1.4 M841G
14.0 321.3 11.27 .225 .108 .045 .032 124.0 1.058 13.7 6.1 M841F
13.0 394.1 10.69 1.072 .392 .231 .142 282.7 2.766 30.8 14.7 M841I
12.0 701.0 7.67 4.334 1.458 .539 .322 538.4 3.949 70.2 38.0 M841E.
11.0 1073.9 5.49 10.53 3.685 .779 .535 692.6 4.120 130.8 80.4 M841J
10.0 1540.9 2.63 24.75 14.24 .974 .891 553.9 2.238 217.3 186.1 M841D
9.0 1841.9 1.56 42.95 35.46 1.00 1.00 380.4 1.046 253.8 263.3 M841K
8.0 1755.5 1.27 64.06 60.47 1.00 1.00 325.1 .271 323.2 326.5 M841C
7.0 1657.2 1.18 83.20 81.41 1.00 1.00 354.8 .137 371.9 364.5 M841L
6.0 1488.4 1.15 104.1 102.3 1.00 1.00 338.7 .121 418.2 411.9 M841M
4.0 1166.7 1.12 149.2 147.7 1.00 1.00 234.2 .098 432.7 427.8 M841B
2.0 i061. !.. 1 9 1-76.4 114.9 1.00 2.00 172.1 .140 383.9 384.7 M3410
0.0 954.2 1.08 202.5 200.9 1.00 1.00 128.8 .105 386.6 385.1 M641A
-9.0 1621.6 1.20 -9.69 77.24 1.00 1.00 357.5 .123 355.6 348.5 M34-P

-12.0 1069.3 4.Y6 9.263 4.159 .875 .71- 606.5 3.472 101.7 69.0 M6 N

**FILENAME= AXA02A:FH:CB CREATED 3:38 PM TUE., 10 JAN., 1984
**AVG.TOTAL DATA
**TEMPERATURE,MOLE FRACTION,RMS
**HYDROGEN JET FLAME RE=8500. X/D= 25. CUT-OFF MF= .0004

** Y TEMP. ***MOLE FRACTION (E-2) ***RMS MOLE FRACTION (E-4)* FILE
**(MM) (K) N2 H20 H2 02 *** N2 H20 H2 02 * NAME

16.0 308.2 77.24 1.55 .11 20.17 72.9 15.1 13.7 70.8 M841G
14.0 371.3 77.15 1.75 .10 20.08 106.4 171.6 18.0 117.7 M841F
1'.0 394.1 76.22 2.83 .15 19.88 174.1 366.1 44.8 243.2 M841I
12.0 701.0 74.64 6.55 .53 17.37 378.7 724.5 177.9 482.4 M841E
11.0 1073.9 71.35 12.03 1.99 13.78 689.5 1005. 551.3 697.4 M841J
10.0 1540.9 64.41 18.89 8.31 7.62 1111. 884.9 1175. 710.7 M841D
9.0 1841.9 54.85 25.02 16.61 2.79 1184. 624.3 1462. 485.1 M841K
8.0 1755.5 45.85 22.70 29.60 1.30 1210. 485.3 1658. 273.5 M841C
7.0 1657.2 38.85 22.26 38.01 .42 1080. 530.3 1584. 87.2 M841L
6.0 1488.4 33.26 19.19 46.86 .29 1006. 499.4 1488. 58.5 M841M
4.0 1166.7 24.27 13.63 61.46 .35 663.5 332.5 1003. 43.3 M841B
2.0 1069.1 20.03 12.45 67.03 .25 480.3 256.7 720.7 42.5 M8410 e
0.0 954.2 17.65 10.09 71.82 .23 396.9 211.2 603.6 28.6 M841A

-8.0 1681.6 40.35 22.97 35.84 .36 1099. 531.7 1616. 71.7 M841P
-12.0 1069.3 71.99 11.68 1.34 14.13 568.3 900.4 359.2 583.5 M841N
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**FILENAME= AMA05A:FH:CB CREATED 5:19 PM WED., 21 DEC., 1983
**AVG.TOTAL DATA
**MIXTURE FRACTION,DENSITY, INTERMITTEN, CY
**HYDROGEN JET FLAME RE=8500. X/D- 50. CUT-OFF MF= .0004
**YCL(MM)=-0.80 FAVRE MIXTURE FRAC HALF RAD=10.70

* Y TEMP DENS MF FMF INT FINT RMS **'*RMS (E-4)****** FILE
*"(MM) (K) (E-4) (E-3) (E-3) TEMP DENS MF FMF NAME

10.0 1993.8 1.1c 56.84 54.37 1.00 1.00 310.1 .257 231.3 238.5 M9Q1B
12.0 1978.0 1.49 40.25 33.37 .997 .981 399.4 .956 211.7 226.6 M9TlB
14.0 1812.6 2.32 25.78 15.30 .971 .859 633.8 2.231 175.1 167.4 M9TIE
16.0 1349.2 4.12 14.65 5,996 .858 .629 755.0 3.461 140.7 100.6 M9T1G
18.0 820.8 7.36 6.402 1.808 .549 .294 673.8 4.316 96.6 50,4 M9UIB
20.0 474.7 9.97 2.029 .516 .230 .110 422.1 3.220 55.6 24.3 M9VIB
8.0 1898.5 1.09 73.09 71.57 1.00 1.00 304.9 .140 241.0 240.9 M9VIF

-15.0 1912.6 1.99 29.84 19.81 .990 .944 569.7 1.855 189.9 188.1 MSVIH
0.0 1533.7 1.04 109.8 108.5 1.00 1.00 192.8 .136 198.1 194.5 M 9VI

**FILENAME- AXA05A:FH:CB CREATED 5:19 PM WED., 21 DEC., 1983
**AVG. TOTAL DATA
"'TEMPERATURE,MOLE FRACTION,RMS
**HYDROGEN JET FLAME RE=8500. X/D= 50. CUT-OFF MF= .0004
**

** Y TEMP. ***MOLE FRACTION (E-2) ***RMS MOLE FRACTION (E-4)* FILE

**(MM) (K) *** N2 H20 H2 02 *** N2 H20 H2 02 * NAME

10.0 1993.8 48.10 26.93 23.89 .51 1069. 488.9 1440. 203.4 M9QIB
12.0 1978.0 56.60 26.43 14.21 2.08 1131. 681.3 1316. 452.7 M9TIB

14.0 1812.6 63.85 24.19 5.37 5.83 977.3 1080. 865.2 709.3 M9TIE
16.0 1349.2 69.95 16.50 1.83 10.89 795.9 1239. 496.8 765.0 M9TIG
18.0 820.8 74.19 8.07 .61 16.24 531.4 999.4 237.9 638.9 M9UIB

20.0 474.7 76.80 3.02 .23 19.03 318.4 604.9 127.0 391.2 M9V1B
8.0 1898.5 41.06 24.70 33.44 .30 902.7 467.4 1302. 90.1 M9VlF

-15.0 1912.6 59.97 25.70 7.13 6.48 1042. 995.8 993.7 636.2 M9VlH
0.0 1533.7 29.67 19.31 50.41 .24 464.6 275.2 670.9 53.1 M9VlI
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U
**PILE1AME= AMA1OA:FH:CB CREATED 2:24 PM WED., 11 JAN., 1984
**AVG•TOTAL DATA
**MIXTURE FRACTION,DENSITY,INTERMITTENCY
**HYDROGEN JET FLAME RE'8500. X/D=100. CUT-OFF MF= .0004
**YCL(MM)=-0.20 FAVRE MIXTURE FRAC HALF RAD=12.90
**

** Y TEMP DENS MF FMF INT FINT RMS ***RMS (E-4)****** FILE
**(MM) (K) (E-4) (E-3) (E-3) TEMP DENS MF FMF NAME
32.0 439.8 10.31 1.435 .356 .195 .081 360.9 3.155 39.6 18.9 M7VIG
30.0 546.2 9.62 2.627 .591 .260 .102 513.6 3.716 57.7 27.0 M7VIH 
28.0 707.4 8.14 4.509 1.355 .491 .257 597.4 4.305 69.3 37.4 M7VIF
26.0 837.5 6.80 6.045 2.092 .630 .375 633.4 4.098 79.8 46.2 M7V11
24.0 1155.0 4.82 10.21 4.279 .810 .552 684.6 3.725 98.0 69.8 M7VIJ
22.0 1326.5 4.11 12.60 5.616 .845 .579 715.0 3.510 104.8 82.5 M7VIK
20.0 1481.1 3.38 15.58 7.812 .930 .774 706.5 2.928 120.3 100.6 M7Vil 1L
18.0 1772.2 2.33 21.99 13.89 .990 952 616.9 2.000 136.9 133.8 M7VIN
16.0 1919.8 1.98 25.07 17.48 .980 .897 556.0 1.685 134.5 145.2 M7VI0
12.0 2052.6 1.49 33.83 28.73 1.00 1.00 383.2 .802 148.8 165.9 MVIP

8.0 2133.0 1.21 43 94 42.82 1.00 1.00 209.3 .173 122.8 128.8 M7V!Q
4.0 2091.1 1.16 50.63 50.11 1.00 1.00 190.8 .096 111.5 112.3 M7V!R
0.0 2050.8 i..L 4 53.95 03. 9 i.00 1.00 60.. 050C _. 9G j. .... _

-22.0 1360.3 3. 3 9 13. 27 7.046 .945 .937 667.0 .8 29 101.1 14. 3 M T
-6.0 883.2 6.73 6. 515 2.141 . 588 .316 062. j 4. 03 .30.0 48. 4 1T7'e

**FILENAME= AXAIOA:FU:CB CREATED 2:24 PM WED., 11 JAN., 1984
**AVG. TCTAL DATA
**TEMPERATURE,MOLE FRACTION,RMS
**HYDROGEN JET FLAME RE=8500. X/D=100. CUT-OFF MF= .0004

** Y TEMP. ***MCLE FRACTION (E-2) ***RMS MOLE FRACTION (E-4)* FILE
**(MM) (K) *** N2 H20 H2 02 *** N2 H20 H2 02 * NAME
32.0 439.8 76.31 3.40 .04 19.34 198.3 497.9 19.1 332.9 M7VIG
30.0 546.2 75.80 4.88 .06 18.35 277.3 721.8 20.4 477.0 M7VIH
28.0 707.4 74.69 7.21 .17 17.04 307.4 850.5 85.5 581.8 M7V1F
26.0 837.5 74.19 9.10 .21 15.62 391.6 931.8 100.6 610.4 M7V1I
24.0 1155.0 72.19 13.79 .58 12.57 477.7 1043. 218.2 706.4 M7V1J
22.0 1326.5 71.13 16.48 .74 10.80 515.6 1116. 234.0 738.6 M7V1R
20.0 1481.1 69.40 18.93 1.50 9.34 624.2 1129. 372.2 749.4 M7V1L

A 18.0 1772.2 65.80 23.37 3.66 6.38 756 .5 998.1 584.5 695.9 M7V1N
* 16.0 1919.8 64.75 25.67 4.53 4.28 766.4 917.4 659.6 631.0 M7V1O

12.0 2052.6 59.63 27.98 9.60 2.08 877.0 642.7 940.6 456.3 M7V1P
8.0 2133.0 53.60 29.40 16.04 .31 748.1 353.6 925.5 153.5 M7V1Q

II 4.0 2C91.1 49.74 28.62 20.98 .06 608.8 318.1 825.5 74.5 M7V1R
0.0 2050.8 47.76 28.31 23.31 .04 504.3 291.6 666.2 21.8 M7V1S

-22.0 1360.0 70.21 17.11 .95 10.88 540.7 1059. 240.6 674.1 M7V1T
-26.0 883.2 74.08 9.71 .20 15.11 411.4 958.1 88.3 604.6 M7V1U
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**FILENAME- AMAISA:FH:CB CREATED 2:34 PM THU., 12 JAN., 1984

*AVG.TOTAL DATA
**MIXTURE FRACTION, DENSITY, INTERMITTENCY
**HYDROGEN JET FLAME RE=8500. X/D=1 50. CUT-OFF MF= .0004
**YCL(MM)=1.50 FAVRE MIXTURE FRAC HALF RAD=14.60

** Y TEMP DENS MF FMF INT FINT RMS ***RMS (E-4)****** FILE
% **(MM) (K) (E-4) (E-3) (E-3) TEMP DENS MF FMF NAME

34.0 623.2 8.49 3.805 1.191 .429 .219 525.8 3.979 66.2 34.1 M911N
30.0 885.5 6.34 7.025 2.739 .700 .453 613.6 4.084 77.0 50.7 M911M
28.0 905.5 6.20 7.519 2.927 .730 .491 635.5 4.067 85.8 53.9 M911L
26.0 1082.6 5.19 9.836 4.132 .779 .506 668.8 3.926 91.7 65.9 M911K

I 24.0 1339.9 4.01 13.52 6.383 .880 .653 722.9 3.447 105.8 84.8 M91J
22.0 1435.7 3.35 15.25 8.355 .960 .862 684.5 2.778 113.3 93. 9 M9111
20.0 1521.2 2.92 16.11 10.05 .984 .937 641.3 2.291 101.4 93. 4 M91IH

, 16.0 1773.7 2.34 20.49 13.61 .970 .865 619.3 1.987 110.1 114.7 M911G
12.0 1947.2 1.70 23.90 20.67 1.00 1.00 445.8 .649 98.5 101.5 M911F

8.0 2086.8 1.54 26 93 2.369 1.00 1.00 415.0 .647 962 107. 2 M911E
6.0 2141 2 1.42 29.68 27.39 1.00 1.00 323.0 .443 94.4 103.6 M911D
4.0 2078.6 1.46 30.13 27.00 1.00 1.00 353.7 .481 116.8 122.4 M911C
Z. j . - . . 7 .' .. 47, L, . , 1 . 0 0, . 3 0: 2 1. . . . .. . .

0.0 2 12.5 1.42 29.92 27.65 1.00 1.00 309.0 .417 97.1 105.2 M911A
-. 0. J 267.. ".2 .0 7.763 . -;0 .317 -61.3 . 29. 4.5 9>.-
-8. 0 a60.4 6.42 6.793 2.721 .740 .5-33 5'94. 9 4. 06 .'6.3 49.3 M9!.

**FLENAME = AXAI5A:FH:CB CREATED 2:34 PM THU., 12 JAN., 1984
"**AVG• TOTAL DATA

S **TEMPERATURE,MOLE FRACTION, RMS"*HYDROGEN JET FLAME RE=8500. X/D=150. CUT-OFF MF= .0004

* Y TEMP. ***MOLE FRACTICN (E-2) ***RMS MOLE FRACTION (E-4)* FILE
**(MM) (K) *** N2 H20 H2 02 * N2 H20 H2 02 * NAME

34.0 623.2 74.50 6.78 .13 17.70 389.3 797.7 45.8 463.4 M911N
30.0 885.5 72.57 10.91 .15 15.50 449.2 946.1 40.1 543.9 M911M

. 28.0 905.5 72.29 11.37 .23 15.24 484.3 1015. 64.1 593.6 M911L

26.0 1082.6 70.89 14.10 .37 13.80 493.8 1063. 84-4 648.7 M911K

24.0 1339.9 69.23 18.11 .68 11.15 578.4 1152. 152.0 .86.9 M91lJ

22.0 1435.7 67.88 19.65 1.04 10.61 619.9 1128. 283.3 2.0 M911I
20.0 1521.2 67.42 20.83 1.06 9.88 549.2 1035. 193.6 627.8 M911H
16.0 1773.7 65.83 25.10 1.56 6.72 592.7 1050. 292.5 649.4 M9110

. 12.0 1947.2 64.81 27.91 2.44 4.07 572.6 788.2 367.1 501.5 M911F

8.0 2086.8 63.16 29.65 3.67 2.77 585.1 717.4 416.8 459.5 M911E
6.0 2141.2 61.72 30.66 5.13 1.74 599.. °  559.2 547.1 31051 .1 M911D
4.0 2078.6 61.10 29.50 6.22 2.44 715.4 627.4 627.2 410.0 M911C

2.0 2141.7 60.36 30.39 6.76 1.77 620.5 546.9 585.3 366.1 M911B

0.0 2112.5 61.59 30.10 5.77 1.81 614.0 536.8 550.3 344.1 M911A

.. -20.0 1367.1 68.36 18.62 .72 11.48 530.9 1064. 162.8 659.0 M9110

-28.0 860.4 72.21 10.53 .23 16.15 447.1 912.8 62.4 536.5 M911P
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**FILENAME= AMA20A:FH:CB CREATED 3:48 PM THU., 12 JAN., 1984
**AVG.ITOTAL DATA
**MIXTURE FRACTION,DENSITY, INTERMITTENCY K'
**HYDROGEN JET FLAME RE=8500. X/D200. CUT-OFF MF= .0004 L __

*YCL(MM) -4. 0 FAVRE MIXTURE FRAC HALF RAD=I8. 8
**

** Y TEMP DENS MF FMF INT FINT RMS ***RMS (E-4)****** FILE

**(MM) (K) (E-4) (E-3) (E-3) TEMP DENS MF FMF NAME 6.N -

38.0 642.1 8.01 3.909 1.389 .480 .270 487.0 3.815 59.2 34.5 M9MII 1
32.0 820.3 6.03 5.564 2.655 .730 .505 497.8 3.520 60.7 42.2 M9MIH
26.0 1104.9 4.21 9.162 5.385 .905 .751 525.3 2.903 67.4 58.5 M9MIG r
20.0 1279.6 3.53 11.42 7.143 .940 .815 570.4 2.535 74.4 68.0 M9MIF
14.0 1514.5 2.73 14.76 10.36 .990 .959 575.7 1.851 81.2 80.0 M9MIE

8.0 1568.8 2.66 15.62 10.74 .980 .920 580.4 1.965 85.2 85.9 M9MID
4.0 1678.7 2.38 17.25 12.58 .970 .858 548.4 1.847 82.7 89.3 M9M1IC
0.0 1581.9 2.39 15.64 12.34 1.00 1.00 512.4 1.257 75.2 74.7 M9M1B

-8.0 1562.2 2.58 15.39 11.24 .985 .939 552.4 1.708 79.2 80.4 M9M1K

i

**FILENAME= AXA2OA:FH:CB CREATED 3:48 PM THU., 12 JAN., 1984
**AVG. TOTAL DATA
**TEMPERATURE, MOLE FRACT ION,RMS
**HYDROGEN JET FLAME RE=8500. X/D=200. CUT-OFF MF= .0004

** Y TEMP. ***MCLE FRACTION (E-2) ***RMS MOLE FRACTION (E-4)* FILE

**(MM) (K) * N2 H20 H2 02 * N2 H20 H2 02 * NAME
38.0 642.1 74.23 5.96 .29 18.63 356.2 724.4 56.2 425.0 M9M1I

32.0 820.3 73.73 8.40 .07 16.90 335.8 763.7 26.2 466.0 M9MIH

26.0 1104.9 72.02 12.94 .17 14.02 364.1 831.3 45.4 518.7 M9M1G
20.0 1279.6 71.01 15.67 .21 12.26 368.7 896.4 52.5 583.5 M9MIF
14.0 1514.5 69.40 19.62 .26 9.89 405.8 943.3 56.3 609.3 M9MIE

8.0 1568.8 69.07 20.49 .36 9.26 427.5 962.2 111.0 619.0 M9M1D
4.0 1678.7 68.57 22.28 .49 7.84 413.5 915.5 108.3 597.2 M9MIC
0.0 1581.9 69.17 20.63 .35 9.02 360.9 850.6 93.1 557.2 M9MIB

-8.0 1562.2 68.86 20.43 .24 9.64 406.7 917.8 70.7 584.4 M9MIK
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**FILENAMEs FB32SA:FH:FD 5:28 PM MON., 5 NOV., 1984

** AVERAGE FILE 6:43 PM THU., 24 MAR., 1983
.e

**RE-8500 H2 X/D-10

**FLOW MODEL= JET TUNNEL SPEED(%)= 40.0
**GAS- H2 NOZZLE TYPE- A100A
**REYNOLDS NU- 8500. NOZZLE PRESS(PSIG)- 60.8
**ATM PRESS(MM HG AT OC)= 760. NOZZLE TEMP(C)= 21.0
**ROOM TEMP(C)- 21.0

**UNCORRECTED Y CL.POSITION= 1.2500
**FLUORESCENCE INTENS. ZERO SHIFT (V)= 0.0000
**OH CALIB.START (PP INTENS. (V) ) .0876
**OH CALIB.END (PP INTENS. (V) ) - .0876
**NUMBER OF RUNS = 20.

** X/D Y OH CONC. RMS NO. RUN

**DCS POS. 10"16 OH CONC. PTS. NO.
** (rm) MCL EC/CM3

10.0 -i. 25 .ili .0259* 2048
10.0 .75 .005 .02549 2048
10.0 2.75 .0144 .03427 2048
l0.0 3.75 .0622 .13164 -^048
10.0 4.75 .5196 .80294 2048 5
.0.0 5.75 2.6511 .. 44037 2048 6
10.0 6.75 1. 2483 1.31896 2048 7
10.0 7.75 .0341 .18288 2048 8
10.0 8.25 .0072 .03971 2048 9
10.0 7.25 .2732 .65617 2048 10
10.0 6.25 2.4356 1.38520 2048 11
10.0 5.25 1.4789 1. 43631 2048 12
10.0 4.25 .1632 .34184 2048 13
10.0 -3.25 .0256 .04770 2048 14
10.0 -5.25 1.4887 1.37275 2048 15
10.0 -6.25 2.3976 1.37832 2048 16
10.0 -7.25 .3302 .71311 2048 17
10.0 -5.75 2. 53 06 1. 43887 2048 18
1 10.0 -6.75 1.2732 1.33717 2048 19
10.0 5.75 2.6675 1.40066 2048 .20
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**FILENAME= FB32PB:FH:FD 4:51 PM MON., 5 NOV., 1984 U
**---

**AVERAGE FILE 11:29 AM THU., 24 MAR., 1983

**RADIAL SCAN X/D-25

**FLOW MODEL= H2 JET TUNNEL SPEED(%)= 40.0
**GAS= H2 NOZZLE TYPE= A100A
**REYNOLDS NU= 8500. NOZZLE PRESS(PSIG) = 50.0
**ATM PRESS(MM HG AT OC)= 760. NOZZLE TEMP(C) = 22.0
**ROOM TEMP(C)= 22.0

**UNCORRECTED Y CL.POSITION= 1.2500
**FLUORESCENCE INTENS. ZERO SHIFT (V)= 0.0000
**OH CALIB.START (PP INTENS. (V)) = .0926
**OH CALIB.END (PP INTENS. (V) ) = .0926
**NUKBER OF RUNS = 16. K.

X/D Y OH CONC. RMS NO. RLN
**PoS. POS. 10**16 OH CONC. PTS. NO.

(mM) MOLEC/CM3
25.0 -i. Z5 .0217 .u2s1u 2046
25.0 2.75 .0285 .03341 2048 2
25.0 6.75 .2678 .57617-4 2048 
25.0 8.75 1.6067 1.63323 2048 4
25.0 10.75 2.0381 1.76539 2048 5
25.0 12.75 .3490 .92602 2 048 6
25.0 14.75 .0198 .10408 2048 7
25.0 16.75 .0087 .01822 2048 6
25.0 11.75 1.0612 1.47883 2048 9
25.0 9.75 2.1559 1.65040 2048 10
25.0 7.75 .7178 1.10318 2048 !1
25.0 5.75 .1041 .27628 2048 12
25.0 -11.25 1.8472 1.53120 2048 14
25.0 -12.25 1.1282 1.42676 2048 15
25.0 -10.25 1.9867 1. 52011 2048 16
25.0 9.75 2.0821 1.57143 2048 17
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**FILENAME= FB32QA:FH:FD 5:26 PM MON., 5 NOV., 1984

**AVERAGE FILE 1:36 PM THU., 24 MAR., 1983

**X/D-50 RADIAL SCANS

**FLOW MODEL- JET TUNNEL SPEED(%)- 40.0
**GAS-H2 NOZZLE TYPE= A100A
**REYNOLDS NU= 8500. NOZZLE PRESS(PSIG)- 60.8
**ATM PRESS(MM HG AT OC)- 760. NOZZLE TEMP(C)= 21.0
**ROOM TEMP(C)- 21.0

**UNCORRECTED Y CL.POSITION= 1.2500
"FLUORESCENCE INTENS. ZERO SHIFT (V)= 0.0000**OH CALIB.START (PP INTENS. (V)) - .0926

**CH CALIB.END (PP INTENS. (V) ) = .0926
**NUMBER OF RUNS 15.

** X/D Y OH CONC. RMS NO. RUN
**POS. POS. 10*16 OH CONC. PTS. NO.
*0* (mm) MOLEC/CM3

!0.1 9.- .65 3 .9368"7 2048
50.0 11.75 1.1120 1. 23534 2048 2
cu.o " -" 4065 . 2' 87 1 2C48
50.0 5. 5 .2689 1.29206 2048 A

50.0 17.75 .7556 1.12209 2048 5
50.0 19.75 .3533 .82387 2048 6
50.0 21.75 .1054 .43360 2048 7
50.0 23.75 .0304 .22260 2048 8
50.0 14.75 1.3922 1.27879 2048 9
50.0 14.75 1.4121 1. 29162 2048 10
50.0 12.75 1.2329 1.24272 2048 11
50.0 10.75 .7965 1.08372 2048 12
50.0 7.75 .2275 .51883 2048 13
50.0 5.75 .0942 .29254 2048 14
50.0 -1.25 .0260 .04104 2048 15
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**FILENAME- FB32RA:FH:FD 5:28 PM MON., 5 NOV., 1984

**AVERAGE FILE 3:47 PM THU., 24 MAR., 1983

**H2 JET RE=8500, X/D=150

**FLOW MODEL= JET TUNNEL SPEED(%)= 40.0
**GAS- H2 NOZZLE TYPE= AI00A
**REYNOLDS NU= 8500. NOZZLE PRESS(PSIG)= 60.8
**ATM PRESS(MM HG AT CC)= 760. NOZZLE TEMP(C)= 21.0
**ROOM TEMP(C) = 21.0
** --

**UNCORRECTED Y CL.POSITION= 1.2500
**FLUORESCENCE INTENS. ZERO SHIFT (V)= 0.0000
**OH CALIB.START (PP INTENS. (V) ) = .0876
**OH CALIB.END (PP INTENS. (V) ) .0876
*NUMBER OF RUNS 18.
**

** X/D Y OH CONC. RMS NO. RUN
**POS. POS. 10**16 OH CONC. PTS. NO.
** (mn) MOLEC/CM3

150.0 -1.25 1.i99 .38701 2048 i

150.0 2.75 1.1002 .83787 2048 2

150.0 4.75 1.1264 .32981 2048 3
150.0 6.75 1.1236 .81055 2048 4
150.0 8.75 1.1061 .81041 2048 5
150.0 10.75 1.0360 .80478 2048 6
150.0 16.75 .9252 .84462 2048 3
150.0 20.75 .7332 .80104 2048 4
150.0 24.75 .5019 .69483 2048 5
150.0 5.75 1.0825 .80891 2048 6
150.0 28.75 .3224 .57439 2048 7
150.0 32.75 .1946 .41785 2048 8
150.0 3.75 1.0169 .75891 2048 9
150.0 3.75 1.0451 .75989 2048 10
150.0 2.75 1.0235 .76029 2048 11
150.0 1.75 1.0235 .76625 2048 12
150.0 -1.25 1.0038 .74823 2048 13
150.0 12.75 1.0346 .81775 2048 7

r

j{..

1
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**FILENAME- FB32ZA:FH:FD 5:29 PM MON., 5 NOV., 1984

**AVERAGE FILE 3:32 PM TUE., 29 MAR., 1983

"FLOW MODEL= JET TUNNEL SPEED(%) = 40.0
**GAS- H2 NOZZLE TYPE- A100A
**REYNOLDS NU- 8500. NOZZLE PRESS(PSIG)= 50.0
**ATM PRESS(MM HG AT OC)- 760. NOZZLE TEMP(C)= 21.0
**ROOM TEMP(C)- 21.0

**LINCORRECTED Y CL.POSITIONL 4.0000
**FLUORESCENCE INTENS. ZERO SHIFT (V)- 0.0000

~ **OH CALIB.START (PP INTENS. (V) ) = .0670

*" *OH CALIB.END (PP INTENS. (V) ) .0670
**NUMBER OF RUNS , 18.

*' X/D Y OH CONC. RMS NO. RUN
**pos. POS. 10"*16 OH CONC. PTS. NO.
** (Mam) MOLEC/CM3

200.0 6.00 .7582 .85021 2048 1
200.0 10.00 .6040 .75708 2048 2
00.3 . . zO .-Z0 ,.04d

200.0 18.0 .3773 .6866 2048 4
* O0.3 22.00 .z296 .48729 0.8

200.0 26.30 .1359 .38561 2048 6
200.0 30.00 .1148 .31519 2048 7
z00.0 2.00 .7333 .78878 2048 8
200.0 -2.00 .7933 .81517 2048 9
200.0 -6.00 .7385 .79349 2048 10
200.0 -10.00 .6751 .78544 2048 11
200.0 -14.00 .5372 .71604 2048 12
200.0 -18.00 .4249 .64048 2048 13
200.0 -22.00 .3298 .56415 2048 14
200.0 -26.00 .2896 .58085 2048 i5
200.0 -30.00 .1773 .43581 2048 16
200.0 -34.00 .0994 .29839 2048 17
200.0 -38.00 .0591 .24742 2048 18
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**FILENAMEn ZMN01AtFHICD CREATED 2:28 PM MON., 13 MAY, 1985
**NON-TURBULENT FLUID
**CONVENTIONAL AVERAGED
**MIXTURE FRACTION
**HYDROGEN JET FLAME RE.8500, X/D- 10. CUT-OFF MF- .0004
** Y CENTER LINE POS.w -. 50ram CONV. MIX. FRACT. HALF RADIUS- 3.10mm
**

y** R/ AVG RMS SKEW FLAT Z 2 Z3 Z4 FILE

** mm R half (E-3) (E-4) NAME
7.0 2.419 .036 1.427 .3189 2. 9433 16.985 69.336 930.51 M8P1F
6.5 2.258 .042 1.479 .2506 2.3878 13.694 50.419 507.31 M8PIG
6.0 2.097 .116 1.585 -.2059 2.1244 2.8559 6.0472 17.370 M8PIE
5.5 1.935 .065 .650 0.0000 1.0000 2.0000 4.0000 8.0000 M8P1H

**FILENAME- ZMTO1A:FH:CD CREATED 2:28 PM MON., 13 MAY , 1985
**TURBULENT FLUID
**CONVENTIONAL AVERAGED
**MIXTURE FRACTION
**HYDROGEN JET FLAME RE=8500. X/D= 10. CUT-OFF MF= .0004
** Y CENTER LINE POS.= -.50mm CONY. MIX. FRACT. HALF RADIUS= 3.10mm
**

* v AVG IMS SKEW FLAT Z2 23 74 ?ILE
** mm R half (E-3) (E-4) NAME

.0 2.419 2. 440 2.507 3. -36 13.348 2.3864 15.011 93.230 M 8P1F
6.5 2.258 4.012 58.258 2.4245 8.9743 3.1086 14.749 83.248 M3P1G
6.0 2.097 7.729 89.172 2.4319 10.529 2.3311 8.7277 42.579 M8P1E
5.5 1.935 19.878 198. 808 2. 4774 10.461 2.0002 6. 4790 27.381 M8PIH
5.0 1.774 47.557 328.145 1.. 00 5.6391 1..4761 2.9506 7.2241 M8PID
4.5 1.613 82.447 495.349 l." .3 5.0471 1.3610 2.3751 4.9922 M8PII
4.0 1.452 120.041 638.612 1.2588 4. 5661 1.2830 2.0386 3.8219 M8P1C
3.0 1.129 200.415 870.421 .7583 3.0701 1.1886 1.6280 2.4894 M8PIJ
2.0 .806 313.330 1108.43 .1422 2.4642 1.1251 1.3817 1.8146 M8P1B
0.0 .161 462.971 855.628 -. 3236 2.6904 1.0342 1.1004 1.1999 M8P1A

-4.0 1.129 203.998 807.445 .5802 3.2654 1.1567 1.5060 2.1640 M8PIK

**FILENAME= ZMA01A:FH:CD CREATED 2:28 PM MON., 13 MAY , 1985
**AVERAGE TOTAL FLUID
**CONVENTIONAL AVERAGED
**MIXTURE FRACTION
**HYDROGEN JET FLAME RE=8500. X/D= 10. CUT-OFF MF= .0004
** Y CENTER LINE POS.= -.50mm CONY. MIX. FRACT. HALF RADIUS= 3.10mm
**

** Y R/ AVG RMS SKEW FLAT Z2 Z3 Z4 FILE
** mm R half (E-3) (E-4) NAME

7.0 2.419 .377 15.220 8.0234 79.091 17.284 577.12 23182. M8P1F
6.5 2.258 1.749 42.982 3.8707 19.857 7.0378 76.539 990.81 M8P1G
6.0 2.097 6.552 86.487 2.5586 11.433 2.7425 12.112 69.709 M8PIE
5.5 1.935 19.678 198.791 2.4732 10.468 2.0205 6.6112 28.224 M8PIH
5.0 1.774 47.557 328.145 1. 5900 5.6391 1. 4761 2.9506 7.2241 M8PID
4.5 1.613 82.447 495.349 1.3473 5.0471 .3 610 2.3751 4.9922 M8P1I
4.0 1.452 120.041 638.612 1.2588 4.5661 1. 2830 2.0386 3.8219 M8PIC
3.0 1.129 200.415 870.421 .7583 3.0701 1.1886 1.6280 2.4894 M8P1J
2.0 .806 313.330 1108.43 .1422 2.4642 1.1251 1.3817 1.8146 M8PIB
0.0 .161 462.971 855.628 -. 3236 2.6904 1.0342 1.1004 1.1999 M8PIA

-4.0 1.129 203.998 807.445 .5802 3.2654 1.1567 1.5060 2.1640 M8PIK

B-85



TEMPA T-00004 IS ON CR LP USING 00024 BLKS R-0000

0001 ** SORTED DATA FILE
0002 ** LVR INPUT FILL=L31PA
0003 "VELOCITY AVERAGE FILE= L31PA:BP
0004 " 3:17 PM MON., 24 JAN., 1983
0005 "
0006 t''2 AIR FLAME RE=8500
0007 **AXIAL SCAN Y-Z0O
0008 **
0009 **TLOW MODEL JET TUNNEL SPEED(%)= 40.0
0010 **GAS- H2 NOZZLE TYPEv A100A
0011 " REYNOLDS NU= 8500. NOZZLE PRESS(PSIG)- 50.0
0012 **ATM PRESS(MM HG AT OC)- 746. NOZZLE TEMP(C)= 21.5
0013 "*ROOM TEMP(C)= 21.5
0014 ''
0015 "*LV PARAMETERS:MAXIMUM A/D VOLTAGE= 9.670
0016 " ACCURACY- 2
0017 *
0018 "*X/D Y Z U URMS
0019 '' (MM) (MM) (M/S) (M/S)
0020 40.0 0.0 0.0 52.76 8.320
0021 40.0 0.0 0.0 53.00 9.071
0022 40.0 0.0 0.0 53.38 8.686

!1- . .0 0.0 54.03 9. 293
0024 50.0 0.0 0.0 47.76 6. 929
02- -0.3 0.0 0.0 47.58 6.818
.0026 50.0 0.0 0.0 47.65 6. 935
0027 50.3 0.0 0.0 47.27 7.002
0028 60.0 0.0 0.0 43.45 5.872
0029 60.0 0.0 0.0 43.33 5.585
0030 60.0 0.0 0.0 43.52 5.768
0031 80.0 0.0 0.0 37.67 4.465
0032 80.0 0.0 0.0 37.77 4.579
0033 80.0 0.0 0.0 37.56 4.633
0034 100.0 0.0 0.0 35.14 4.136
0035 100.0 0.0 0.0 34.40 4.306
0036 100.0 0.0 0.0 34.14 4.565
0037 100.0 0.0 0.0 34.15 4.241
0038 100.0 0.0 0.0 34.09 4.005
0039 100.0 0.0 0.0 34.73 4.115
0040 12u.0 0.0 0.0 31.89 4.136
0041 120.0 0.A 0.0 31.82 4.172
0042 120.0 0.0 0.0 31.88 3.950
0043 120.0 0.0 0.0 34.63 4.370
0044 120.0 0.0 0.0 33.58 4.718
0045 120.0 0.0 0.0 33.94 4.750
0046 120.0 0.0 0.0 33.79 4.697
0047 140.0 0.0 0.0 28.94 4.911
0048 140.0 0.0 0.0 30.29 4.544
0049 140.0 0. u 0.0 30.02 4.611
0050 140.0 0.0 0.0 30.48 4.731
0051 140.0 0.0 0.0 29.04 4.911
0052 i40.0 0.0 0.0 28.79 4.843
0053 160.0 0.0 0.0 25.99 4.289
0054 160.0 0.0 0.0 25.97 4.143
0055 160.0 0.0 0.0 25.89 4.370
0056 180.0 0.0 0.0 23.47 3.388
0057 180.0 0.0 0.0 24.10 3.739
0058 180.0 0.0 0.0 23.79 3.566
0059 200.0 0.0 0.0 22.60 3.135
0060 200.0 0.0 3.0 22.79 .2.925
0061 200.0 0.0 0.0 21.85 2.909
U 63 5.0 0.0 0.0 2i.;5 i. - -_ _
0064 250.0 0.0 0.3 20,20 2.156
0',65 250.0 0.0 0.0 20. 54 2.257
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eMP4 T-00004 IS ON CR LV USING 00024 BLXS R-0000

0001 SORTED, AVERAGED, CENTERED. FNC(R) DATA
0002 * LVR I NPUT FILE-L31JB

.rA003 **VELOCITY AVERAGE FILE- L31JB:BP

. )04 $0 4:22 PM TUE., 18 JAN., 1983 -%,005 "

0006 **RADIAL PROFILE X/D50 
t"

0007 se

0008 *FLOW MODEL- JET TUNNEL SPEED(%)- 40.0
0J09 **GAS- H2 NOZZLE TYPE- A100A
0010 **REYNOLDS NU- 8500. NOZZLE PRESS(PSIG)- 50.0
0011 **ATM PRESS(MM BG AT OC)- 749. NOZZLE TEMP(C)- 21.0
0012 sOROM TEYP(C)- 21.0

0013 **
0014 "*LV PARAKETERS:MAXIMUM A/D VOLTAGE= 9.670
0015 * ACCURACY- 2
0016 * COMPARATOR(5/ 80,10/16=1)l
."017 GO
0018 OOYO(NM)s -1.20 ZO(MM)= 0.00
0019 *
:o .A'. ABu3S .BS

0021 ssI/D (Y-YO)(Z-ZO) U U RM S # PTSV
* 02Z '= J ) ,.Mq ) .MIZ; (,M/S '

0023 50.0 33.8 0.0 13.1,5 .1500 2
0024 50.0 28.8 0.0 13.205 .7380 2
0025 50.0 23.8 0.0 13.260 .9015 2 V-
0026 50.0 18.8 0.0 13.655 1.5405 2 *-' .

0027 50.0 16.8 0.0 15.440 3.10702
0028 50.0 14.8 0.0 21.253 5.7565 4I 129 50.0 12.8 0.0 26.370 6.5060 2

" )30 50.0 10.8 0.0 30.335 6.2770 2
0031 50.0 8.8 0.0 34.485 6.7935 2
0032 50.0 6.8 0.0 38.990 6.9970 2
0033 50.0 4.8 0.0 42.785 7.2310 2

i 0034 50.0 2.8 0.0 46.170 6.8770 2
0035 50.0 .8 0.0 47.420 6.7858 5
0036 50.0 1.2 0.0 46.207 6.5763 3
0037 50.0 3.2 0.0 44.860 6.9145 2

" 0038 50.0 5.2 0.0 41.935 7.0085 2
0039 50.0 7 2 0.0 37.880 6.8295 2
0040 50.0 9.2 0.0 33.735 6.7225 2

- 0041 50.0 11,2 0.0 29.470 6.6685 2
o 0042 50.0 13.2 0.0 26.070 6.2315 2
0- 0043 50.0 15.2 0.0 22.210 5.8945 2
e 0044 50.0 16.2 0.0 16.200 3.3135 2

0045 50.0 21.2 0.0 13.345 .5805 2
0046 50.0 26.2 0.0 13.140 .2885 2
0047 50.0 31.2 0.0 13.415 .2500 2
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MMP4 T-00004 IS ON CR LV USING 00024 BLIS 1-0000

0001 80 SORTED, AVERAGED, CENTERED, FNC(R) DATA
0002 ** LVR INPUT FILE-L.339AC
"003 **MERGE L339A AND L339B,DELETE RANGE .NE. S

J04 00
0005 "'VELOCITY AVERAGE FILE- L339A:BP
0006 0011:14 AM WED.o 9 MAR., 1983
0007 00
0008 **HYLROGEN/AIR FLAME
0009 O*RE-8500
0010 "IID-100
0011 Z-O
0012 *
0013 **FLOW MODEL- JET TUNNEL SPEED(%)- 40.0
0014 **GAS- H2 NOZZLE TTPE- A100A
0015 **REYNOLDS NU- 8500. NOZZLE PRESS(PSIG)- 50.0
0016 **ATM PRESS(MM EG AT OC)., 747. NOZZLE TEP(C)- 0.0
0017 00
0018 *'YO(mm)- .80 Z0(MM)- 0.00
0019 **
0020 *0 ABS ABS
002! *1,'D (Y-Y01(Z-70) I UPY!S 4 PTS
0022 *6 (M%) (C4M) (.41S) (,IS)
VU23 u0.j .0.3 .J .397 .jI27
0024 100.0 45.3 0.0 12.903 .2113 3
JO, . 0 .. J ;. zf60

8)026 100.0 35.3 3 :Z.377 .- 7
002? 100.3 32.3 0.0 12.385 .6220 2
C028 100.0 29.3 0.0 13.590 1.3905 2

, "29 100.0 26.3 0.0 14.575 2.4445 2
J30 100.0 24.8 0.0 15.060 2.6407 3

0031 100.0 22.8 0.0 18.420 4.9697 3 F
0032 100.0 20.8 0.0 19.367 5.0017 3
0033 100.0 18.8 0.0 21.013 5.2750 3
0034 100.0 16.8 0.0 22.956 5.6024 5
0035 100.0 14.8 0.0 25.314 5.8966 5
0036 100.0 12.8 0.0 27.232 6.0790 6
0037 100.0 10.8 0.0 28.780 6.0212 5
0038 100.0 8.8 0.0 30.836 5.8444 5
0039 100.0 6.3 0.0 32,465 5.6442 6
0040 100.0 4.8 0.0 34.047 5.3918 6
0041 100.0 2.8 0.0 33.070 4.9408 6
0042 100.0 I8 0.0 3".935 4.7122 11
0043 100.0 1.2 0.0 35.533 4.5525 2
0044 100.0 3.2 0.0 34.795 4.9303 2
0045 100.0 5.2 0.0 33.405 5.4190 2
0046 100.0 7.2 0.0 32.230 3.6545 2
0047 100.0 9.2 0.0 30.890 5.9150 2
0048 100.0 11.2 0.0 28.365 5.9945 2
0049 100.0 13.2 0.0 27.495 6.2205 2
0050 100.0 15.2 0.0 25.045 6.0305 2
0051 100.0 17.2 0.0 23.020 5.8460 3
0052 100.0 19.2 0.0 21.870 6.0390 2
0053 100.0 21.2 0.0 20.830 6.1375 2
0054 100.0 23.2 0.0 15.970 2.9995 2
355 100.0 25.2 0.0 15.190 2.7125 2

%1056 100.0 27.2 0.0 14.540 2.4025 2 0
0057 100.0 29.2 0.0 13.925 2.1160 2
0058 100.0 31.2 0.0 13.635 1.9400 2
0059 100.0 33.2 0.0 1Z.693 2.0840 2
0060 100.0 35.2 0.0 13.645 2.1625 20061 100.0 37.2 0.0 13.635 2.2915 2
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TEMP4 T=00004 IS ON CR LP USING 00024 BLKS R-0000
0001 *SORTED, AVERAGED, CENTERED, FNC(R) DATA

0002 * LVR INPUT FILE-L31QBC
0003 **VELOCITY AVERAGE FILE- L31QBC:BP
0004 ** 2:18 PM TUE., 25 JAN., 1983
0005 ** "
0006 **H2 /AIR FLAME
0007 **RE=8500
0008 **X/Du200
0009 **
0010 "FLOW MODEL= JET TUNNEL SPEED(%)= 40.0
0011 **GAS= H2 NCZZLE TYPE= A100A
0012 **REYNOLDS NU= 8500. NOZZLE PRESS(PSIG)= 50.0

0013 **ATM PRESS(MM HG AT OC)- 747. NOZZLE TEMP(C)= 21.0
0014 **ROOM TEMP(C)= 21.0
0015 ** 

.-

0016 **LV PARAMETERS:MAXIMUM A/D VOLTAGE= 9.670
0017 **
0018 **Y0( (MM-) 0.00 Zo(MM)= 0.0
0019 **

0021 **X/D (Y-Y0)(Z-Z0) U URMS 4 PTS
0, 'z " ' MM I' - I , (miS;

0023 200.0 3- .0 0 "3.680 .6390 1
0024 200.0 50.0 0.0 13.607 .4450 3
0025 200.0 45.0 0.0 14.025 .6510 2
0026 200.0 40.0 0.0 14. 560 1.3035 2

I027 200.3 .. 0 0. I.15 1.698-
0028 200.0 30.0 0.0 16.070 1.8445 2
0029 200.0 25.0 0.0 16.775 2.1695 2
0030 200.0 20.0 0.0 18.165 2.4530 2
0031 200.0 15.0 0.0 19.350 2.7115 2
0032 200.0 10.0 0.0 20.490 2.7075 2
0033 200.0 5.0 0.0 21. 515 2.8360 2
0034 200.0 0.0 0.0 21.455 2. 8540 2
0035 200.0 5.0 0.0 21.145 2.7290 2
0036 200.0 10.0 0.0 20.500 2.7865 2
0037 200.0 15.0 0.0 19.350 2.6010 2
0038 200.0 20.0 0.0 18.225 2.2220 2
0039 200.0 25.0 0.0 17.290 2.2090 2
0040 200.0 30.0 0.0 16.490 1.8110 2
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**FILENAME= 2MNO2A:FH:CD CREATED 2:31 PM MON., 13 MAY , 1985
**NON-TJRBULENT FLUID
"*CONVENTIONAL AVERAGED
**MIXTURE FRACTION
**BYDRQCEN JET FLAME RE=8500. X/D- 25. CUT-OFF MFu .0004
** Y CENTER LINE POS.- -. 40mm CONV. MIX. FRACT. HALF RADIUS- 6.40mm

** Y R/ AVG RMS SKEW FLAT Z2 Z3 Z4 FILE
** mm R half (E-3) (E-4) NAME
16.0 2.563 .077 1.252 .1047 2.6539 3.6260 9.3232 36.837 M841G
14.0 2.250 .062 1.315 .0229 3.1900 5.5583 14.897 95.523 M84iF
13.0 2.094 .086 1.282 .1695 2.7284 3.2368 8.2773 30.339 M8411
12.0 1.938 .102 1.250 .1704 2.6958 2.4918 5.7861 17.193 M841E
i1.0 1.781 .122 1.588 -. 1786 2.2251 2.6929 5-6853 15. 960 M841J
10.0 1.625 .186 .520 -. 3264 2.3204 1.0782 1.2273 1.4546 M841D

-12.0 1. 813 .131 1.622 -. 5500 1. 9318 2. 5427 4. 5741 10.637 M841N

**FILENAME= ZMT02A:FH:CD CREATED 2:31 PM MON., 13 MAY , 1985
T**URBULENT FLUID

**CONVENTIONAL AVERAGED
**MIXTURE FRACTION
**HYDROGEN JET FLAME RE-8500. X/D= 25. CUT-OFF MF= .0004
** Y CENTER LINE FOS. = -. 40mm CONV. MIX. FPACT. HALF RADIUS= 6.40mm

Ri AVG RMS SKEW FLAT Z2 IL :4 L
mm R half (E-3) (E-4) NAME r

- -. 6 .03 .z> " :.1 5 " ." 3.;86 1. 3 m 9
14.0 2. 2 0 3.637 53.315 .5840 3. 9797 3.0913 12.064 E0.116 M2 41F
13.0 2.094 4.448 52.006 2.0011 7.8013 2.3673 3.3012 36.50' 11941!

12.3 1. 93 8 7.949 79.359 1.6649 6.3042 1. 9967 5.6466 19 . 868 M841E
11.0 1. 7 81 13-496 134. 210 1. 9135 8.4113 1. 9890 5. 8489 22.688 M841J
10.0 1.625 25.423 216.359 1.3431 5.0385 1.7243 4.0007 11.300 M841D
9.0 1.469 42.949 253. 813 .9737 4.0149 1.3492 2.2487 4.3889 M41K a
8.0 1.313 64.064 323.189 .8856 4.1102 1.2545 1.8772 3.2480 M841C
7.0 1.156 83.206 371.880 1.0253 4.0000 1.1998 1.6908 2.7243 M841L
6.0 1.000 104.184 418.179 .5740 2.5503 1.1611 1. 5204 2.1813 M841M
4.0 .688 149.232 432.686 .2692 2. 5307 1.0841 1.2588 1.5485 M3412B

t'. 2.0 .375 176.458 3 83.774 -.0601 2.6595 1.0473 1.1413 1.2873 M9410
0.0 .063 202.567 386. 595 -.2358 2.8429 1.0364 1.1076 1.2158 M841A

-8.0 1.188 78.697 355. 579 1.0834 4. 5677 1.2042 1.7124 2.8150 M841P
-12.0 1.813 10. 568 102. 274 1.7505 5.9962 1.9366 5.3963 19.102 M841N n
**FILENAME= ZMA02A:FH :CD CREATED 2:31 PM MON., 13 MAY , 1985
"*AVERAGE TOTAL FLUID
"*CONVENTIONAL AVERAGED
"*MIXTURE FRACTION
**HYDROGEN JET FLAME RE-8500. X/D- 25. CUT-OFF MP- .0004
" Y CENTER LINE POS.a -. 40mm CONV. MIX. FRACT. HALF RADIUS= 6.40mm

** Y R/ AVG RMS SKEW FLAT Z2 Z3 Z4 FILE
" mm R half (E-3) (E-4) NAME
16.0 2.563 .086 1.379 .5217 3.6987 3.5819 10,910 49.805 M841G
14.0 2.250 .226 13.673 10.198 112.91 37.755 2383.7 161848 M841F
13.0 2.094 1.072 30.754 4.5895 29.043 9.2293 134.03 2450.6 M841I
12.0 1.938 4.334 70.194 2.3350 9. 4239 3.6227 18.786 121.23 M841E
11.0 1.781 10.539 130. 807 2.0631 9.0584 2.5406 9.5670 47.,2 M841J
10.0 1.625 24.759 217. 282 1.3416 5.0295 1.7702 4.2174 12.231 M841D

9.0 1.469 42.949 253.813 .9737 4. C149 1.3492 2.2487 4.3889 M841K
N 8.0 1.313 64.064 323.189 .8856 4.1102 1.2545 1. 8772 3.2480 M841C

7.0 1.156 83.206 371. 880 1.0253 4.0000 1.1998 1.6908 2.7243 M841L
6.0 1.000 104.184 418.179 .5740 2. 5503 1.1611 1.5204 2.1813 M841M
4.0 .688 149.232 432.686 .2692 2. 5307 1.0841 1.2588 1.5485 M841B
2.0 .375 176.458 383.774 -.0601 2.6595 1.0473 1.1413 1.2873 M8410

-8.0 1.188 78.697 355.-579 i_08344 .97 7-.-2042 1.7124 -2. 8150 M 841P
-12.0 1.813 9.263 101.707 1. 8092 7. 2274 2.2055 7.0110 28.314 M841N

B,90



**FILENAME= ZMN05A:FH:CD CREATED 2:36 PM MON., 13 MAY , 1985 U
**NON-TURBULENT FLUID
**CONVENTIONAL AVERAGED

**MIXTURE FRACTION
* HYDROGEN JET FLAME RE=8500. X/D= 50. CUT-OFF MF- .0604
** Y CENTER LINE POS.= -. 80mm CONV. MIX. FRACT. HALF RADIUS= 10. 90mm

** Y R/ AVG RMS SKEW FLAT Z 2 Z3 2 4 FILE
** mm R half (E-3) (E-4) NAME
12.0 1.174 .128 .487 .0282 1.7925 1.1450 1. 4366 1.9140 M9TIB
14.0 1.358 .115 1.351 -. 3234 2.5195 2.3778 4.6104 11.957 M9TIE
16.0 1.541 .115 1.338 -. 0155 2. 5485 2.3647 5.0693 13.835 M9T1G
18.0 1.725 .033 1.336 .4753 3. 2144 .7.772 83.967 1136.5 M 9UIB
20.0 1.908 .029 1.301 .3784 3.0011 20.955 94. 599 1450.8 MVIB

-15.0 1.303 .275 .350 -. 0000 1.0000 1.0162 1.0486 1.0975 M1VIH

**FILENAME= ZMTO 5A:FH :CD CREATED 2:36 PM MON., 13 MAY , 1985
**TURBULENT FLUID
**CONVENTIONAL AVERAGED
**MIXTURE FRACTION -
**HYDROGEN JET FLAME RE=8500. X/D= 50. CUT-OFF MF= .0004

** ,,-,,, . - , -e• 00am CON77. MIX.v vACT- HALF RADIUIS= 10 9m

t4* 7MS s ~ K "1 7 14Lt

Sa T"-4) NAME
10.0 .991 56.846 231.302 .4324 3.0124 1.165 6 1.5258 2.1925 MQ1B
12.0 1.174 40.352 211.053 .6036 3.3347 1.2726 1. 9070 3.2364 M9TIB
14.0 1.358 26. 570 171. 844 .7218 3. 5443 1.4183 2. 4501 4. 9109 M9TiE C
16.0 1. 541 17.074 137.819 .9867 3. 8302 1.6516 3. 4737 8.6114 M9T1G
18.0 1.725 11.673 104.483 1.2099 4.3823 1.8012 4.2715 12.091 M90iB
20.0 1.908 8.750 87.228 1.6017 6.1487 1.9938 S. 5684 19.383 MgVB

8.0 .807 73,098 240.987 .3922 2.9872 1.1087 1.3401 1.7436 M9V1F
-15.0 1.303 30.139 188.482 .8560 3.9045 1.3911 2.3827 4.7812 M9V!H

0.0 .073 109.864 198.075 .2680 3.2005 1.0325 1.0991 1.2047 M 9VII

**FILENAME= ZMA05A:FH :CD CREATED 2:36 PM MON., 13 MAY , 1985
**AVERAGE TOTAL FLUID
**CONVENTIONAL AVERAGEDp
**MIXTURE FRACTION
**HYDROGEN JET FLAME RE=8500. YJD= 50. CUT-OFF MF= .0004

Y CENTER LINE POS.= -. 80mm CONV. MIX. FRACT. HALF RADIUS= 10. 90mm

** Y R/ AVG RMS SKEW FLAT Z2 Z3 Z4 FILE
a mm R half (E-3) (E-4) NAME

10.0 .991 56.846 231.302 .4324 3.0124 1.1656 1.5258 2.1925 M -1B
12.0 1.174 40.251 211.744 .5933 3.3268 1.2767 1.9166 3.2607 M9TIB
14.0 1.358 25.788 175.115 .6941 3.4557 1.4611 2.6006 5.3706 M9T1E
16.0 1.541 14.657 140.720 1.0657 3. 8768 1.9218 4.7084 13. 596 M9TIG
18.0 1.725 6.402 96.599 1.8445 6.3882 3.2768 14.167 73.125 M9U1B
20.0 1.908 2.029 55.587 3.8362 20. 867 8.5072 102.42 1537.7 M9VIB
8.0 .807 73.098 240.987 .3922 2. 9872 1.1087 1.3401 1.7436 MWV1F

-15.0 1.303 29.840 189. 877 .8371 3.8655 1.4049 2.4304 4.9258 M 9V1E
0.0 .073 109.864 198.075 .2680 3.2005 1.0325 1.0991 1.2047 MWVI

B
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**FILENAME- :MNIOA:FH:CD CREATED 2146 PM MON., 13 AAY , 1965
"NON-TURBULDET FLUID

**CONVFNTIONAL AVERAGED
*NIXTURE FRACT1ON

"HYDROGEN JET FLAME RE-8500. X/D-100. CUT-OFP MF- .0004
Y CENTER LIN?. POS.- -. 20mM CONV. MIX. FRACT. HALF RADIUS- 15.40mm

**

Y RI/ AVG RMS SKEW FLAT 22 Z3 94 FILE
*' mm R half (E-3) 'E-4) NAME
32.0 2.091 -. 044 .939 .3691 3.4964 5.6069 11.170 88.245 M7V1G
30.0 1. 961 -. 028 .927 .3560 3.7762 11.980 20.986 470.33 M7V1H
28.0 1.831 -. 028 .902 .1914 2.9950 11.084 25.122 341.56 M7VIF
26.0 1.701 .018 1.160 .5455 3.4132 41. 411 262.36 6378.0 M7V1I
24.0 1. 571 .038 1.259 .8836 3.0331 11.737 64.298 539.45 M7V1J
22.0 1.442 .072 1.256 .1811 2.8161 4.0196 11.009 48.595 MTV1K
20.0 1.312 .089 1.385 .4928 2.1949 3.4454 10.220 36.336 M7VIL
18.0 1.182 .035 .550 -. 0000 1.0000 3.4694 8.4082 21.914 M7VlN
16.0 1.052 .210 1.221 -1.108 2. 2980 1.3379 1.7959 2.4188 M7VIO

-22.0 1. 416 .130 1.573 .C476 1.5332 2.4642 5.4771 13.410 M7VIT
-26.0 1.675 .033 1.206 .0613 3.5258 3.1100 7.5178 30.108 M7VIU

..'.LAME. ZM'r10A:FH:C CREA7ED 2:46 PU MCN., 13 MAY , 1985

""CCNV -;T:CNAL ,-ZRAGZD
"'M:"JRE -ACT:Ci

'' " 'G2 .... T -LI::E -_. 5.,_0 . " 0. .... _ -21 .. = C4

1 " -, R N E c.C.. - c Crm 'Cl.-V. AI::. FRA.T. -Ai2 'AD:>-' S. iumrn

R1 AVG 7.35 _ FLAT . :2 .14
R half '-3) ,E-4) NAME

32. 2. 01 -39 z8.169 1.1716 4.5265 1.6036 1.602 i.46E3 M"';1G
30.0 1.961 10.131 -1.278 .3526 1.9753 1.4901 2.5914 4.3994 M7V1H
28.0 1.831 9.208 73.682 .8432 2. 8943 1.6403 3.3529 7.7S63 MTVIF
26.0 1.701 9.585 81.975 1.0765 3.4019 1.7314 3.8677 9.9449 MTVII
24.0 1.7 1 12.602 94.084 .8873 3.5080 1.5574 3.0415 6.9115 M7P13
22.0 1.442 14.905 97.949 .4597 2.3857 1.4319 2.4260 4.5579 N7VIK
20.0 1.312 16.743 116.697 .5793 2.7837 1.4855 2.6525 5.3531 M7VIL
18.0 1.182 22.213 135.816 .3446 2.2960 1.3738 2.2003 3.8791 MTV!N
16.0 1.052 25. 577 131.064 .2509 2.8544 1.2626 1.3215 2.)073 M7VIO
12.0 .792 33.836 148.796 .0695 2.7507 1.1934 1.5861 2.2869 .M7V1P

a.0 .32 43.940 122.351 -. 3242 2.6067 1.0782 1.2274 1.4566 M7VlQ
4.0 .273 50.639 111.506 -.1097 2.7163 1.0485 1.1443 1.2926 M7V1R
0.0 .013 53.959 95. 929 -.0442 2.5415 1.0316 1.0946 1.1912 M7V1S

-22.0 1.416 14.042 100.878 .6467 2.7802 1.5161 2.7882 5.7965 MVIT
-Z6.3 1.675 11.028 17.113 .56S6 2.8167 1.4889 2.6502 5.3835 M7V1U

''FILZNAMEo ZMAIOA:FH :CD CREATED 2:46 PH, MON., 13 MAY , 1985
'AVERAGE 'CTAL FLU:D

"CCNVWNTICNAL AVERAGED
**MIXTURE FRACTION
::HYDROGEN JET FLAME RE-8500. X/D-100. CUT-OFF MF. .0004
C Y CENTER LINE POS.- -. 20mm CONV. MIX. FRACT. HALF RADIUS- 15.40mm

*y Y R/ AVG RMS SKEW FLAT 22 23 24 FILE
mm R half (E-3) (E-4) NAPIE

32.0 2.091 1.435 39.650 3.3705 15. 897 8.6362 95.031 1258.3 M7VIG
30.0 1. 961 2.626 57.679 2.2450 6.9898 5.8230 39.248 287.64 M7V1H
28.0 1.831 4.509 69.279 1.6393 4 9031 3.3608 14.028 66.',',5 M7V1F
26.0 1.701 6.045 79.796 1.5155 4.6778 2.7423 9.7122 39. 594 M7V1I
24.0 1.571 10.215 97.977 .9811 3. 5266 1.9200 4.6258 12.968 M7V1J
22.0 1.442 12.606 104.827 .5462 2.3465 1.691', 3.3886 7.5275 M7V1K
20.0 1.312 15.582 120.299 .5976 2.7252 1.5961 3.0632 6.6445 M7VIL
18.0 1.182 21.991 136.926 .3390 2.2895 1.3877 2. 2449 3.9975 X7VIN
12.0 .792 33.836 148.796 .0695 2.7507 1.1934 1.5841 2.2869 M7VIP

8.0 .532 43.940 122.851 -. 3242 2.6087 1.0782 1.2274 1.4566 'I7VIQ
4.0 .273 50.639 111.506 -. 1097 2.7163 1.0485 1.1443 1.2926 M7VIR
0.0 .013 53.959 95.92V -. 0442 2.5415 1.0316 1.0946 1.1912 M7VXS

-22.0 1.416 13.277 103.066 .6608 2.7569 1.6025 3.1171 6.8538 M7V1T
-26.0 1.675 6.515 79.986 1.1134 3.3779 2o5075 7.5631 25.963 M7VlO

B9
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**FILENAME- ZMN15A:FB:CD CREATED 2:50 PM MON., 13 MkY , 1985
**NON-URBULENT FLUID
"CONVENTIONAL AVERAGED
"MIXTURE FRACTION
**HYDROGEN JET FLAME RE-8500. X/D-150. CUT-OFF MP- .0004

Y CENTER LINE POS.- 1.50mm CONV. MIX. FRACT. HALF RADIUS- 19.50mm
*tt

* R/ AVG RMS SKEW FLAT Z2 23 Z4 FILE
** mm R half (E-3) (8-4) NAME
34.0 1.667 .037 1.653 -. 0793 2.9398 21.247 54.516 1298.7 M91IN
30.0 1.462 .064 1.621 -.2422 3.3578 7.3452 16.164 158.77 H911M
28.0 1.359 .042 1.463 .0954 2.1408 13.321 42.090 416.44 M911L
26.0 1.256 .082 1.313 .1771 2.9962 3.5757 9.4592 39.259 M911K
24.0 1.154 .107 1.435 .0518 2.5916 2.7947 6.5086 20.613 149113
22.0 1.051 .188 1.531 -.0564 1.2415 1.6668 2.9698 5.4303 M49111
20.0 .949 -.007 .899 -.1108 1.5000 183.00 818.99 51866. M911H
16.0 .744 .260 1.197 -.0816 1.1734 1.2120 1.6281 2.2931 M911G

-20.0 1.103 .174 1.650 -. 3246 1.7506 1.8992 3.4208 6.7036 K49110
-28.0 1.513 .121 1.635 -.3372 2.3352 2.8202 5.6325 16.345 M911P

**FILENAME- ZNT1 SA:FH:CD CREATED 2:50 PM MON., 13 MAY , 1985
"TURBULENT FLUID
"CONVENTIONAL AVERAGED
"MIXTURE FRACTION
"*HYDROGEN JET FLAME IE-8500. /D'150. CUT-OFF MF' .0004

Y Y CENTER LINE POS.- 1.50mm COW?. MIX. FRACT. HALF RADIUS- 19.50mm

" Y R/ AVG RMS SKEW FLAT Z2 23 Z4 FILE
** R a :if (E-3) (E-4) SAME
34.j J .667 .. 816 ;6.192 L.z'556 ;.Z693 .'.7469 4.'511. '.ZE ::911N
30.0 .. 46 10.009 74.157 .S062 :. 4581 . 5490 :. 393 5.0208 M . 11M
28.0 1.359 10.284 25.149 1.1123 3.8920 1.6855 3.6880 9.4680 M 911L
26.0 1.256 12.606 85.591 .5629 2.3794 1.4610 2.5593 4.9767 M911K
24.0 1.154 15.358 99.629 .4995 2.4797 1.4208 2.3988 4.5094 .4 911J
22.0 1.051 15.884 111.286 .7667 3.1092 1.4909 2.7363 5.7492 M911I
20.0 .949 16.373 100.133 .3984 2.3437 1.3740 2.2132 3.9367 M911H
16.0 .744 21.122 105.817 .0719 2.2060 1.2510 1.7620 2.6811 M911G
12.0 .538 23.901 98.459 .0457 2.1147 1.1697 1.5123 2.0919 M911F

8.0 .333 26.930 96.160 -. 3134 2.5162 1.1275 1.3682 1.7488 M911E
6.0 .231 29.683 94.434 -.1488 2.8808 1.1012 1.2989 1.6176 M911D
4.0 .128 30.138 116.770 .0258 2.3950 1.1501 1.4518 1.9607 M911C
2.0 .026 31.474 101.332 -.3101 2.d000 1.1037 1.3006 1.6106 M911B
0.0 .077 29.927 97.134 -. 1947 2.5320 1.1053 1.3094 1.6336 M911A

-20.0 1.103 14.632 96.923 .6303 2.3698 1.4388 2.4996 4.9181 M 9110
-28.0 1.513 9.137 75.817 .8997 3.4084 1.6885 3.5793 3.8021 M311P

**FILENAME= ZMAIA:FH:CD CREATED 2:50 PM MON., 13 MAY , 1985
**AVERAGE TOTAL FLUID
**CONVENTIONAL AVERAGED
"MIXTURE FRACTION
"HYDROGEN JET FLAME RE-8500. X/D-150. CUT-OFF MF- .0004
" Y CENTER LINE POS.- 1.50mm CONV. MIX. FRACT. HALF RADIUS- 19.50mm

" Y R/ AVG RMS SKEW FLAT 22 Z3 Z4 FILE
" mm R half (E-3) (E-4) NAME
34.0 1.667 3.806 66.198 2.1934 7. 5597 4.0256 21.620 134.53 M911N
30.0 1.462 7.025 76.987 .9529 2.8712 2.2009 5. 8565 17.361 M911
28.0 1.359 7.519 85.798 1.3349 4.3923 2.3021 6. 8896 24.192 M911L
26.0 1.256 9.837 91.693 .7266 2.4992 1. 8689 4.1953 10.454 M 911K
24.0 1.154 13.528 105.790 .5317 2.4227 1.6115 3.0888 6.5920 M 9113
22.0 1.051 15.256 113.293 .7576 3.0758 1.5515 2.9647 6.4855 M9111
20.0 .949 16.117 101.403 .3875 2.3353 1.3959 2.2841 4.1272 M9118
16.0 .744 20. 496 110.127 .0286 2.1976 1.2887 1.8705 2.9331 M91IG

8.0 .333 26. 930 96.160 -. 3234 2.5162 1.1275 1.3682 1.7488 K911E
6.0 .231 29.683 94. 434 -. 1488 2.8808 1.1012 1.2989 1.6176 M911D
4.0 .128 30.138 116.770 .0258 2.3950 1.1501 1.4518 1.9607 M911C
2.0 .026 31.474 101.332 -.3101 2.8000 1.1037 1.3006 1.6106 M911B
0.0 .077 29.927 97.134 -. 1947 2.5320 1.10!3 1.3094 1.6336 M911A

-20.0 1.103 13.905 99.598 .6171 2.8158 1.5130 2.7659 5.7264 M9110
-28.0 1.513 6.793 76.279 1.1750 3.8390 2.2608 6.4459 21.321 M 911P
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"*FILENAMEw ZMN20A:FH :CD CREATED 2:53 PM MON., 13 MAY , 1985
**NON-TURBULENT FLUID
"CONVENTIONAL AVERAGED
"MIXTURE FRACTION
*HYDROGEN JET FLAME RE=8500. X/D=200. CUT-OFF MF= .0004

Y Y CENTER LINE POS.- 4.00mm CONV. MIX. FRACT. HALF RADIUS= 22.80mm

* Y R/ AVG RMS SKEW FLAT Z2 Z3 Z4 FILE
* mm R half (E-3) (E-4) NAME
38.0 1.491 .057 1.452 -.0713 2.5605 7.5510 19.457 145.40 MSCMII
32.0 1.228 -. 020 1.640 .7765 3.1011 70.811 -242.4 13721. M9M1H
26.C .965 .048 1.339 .5087 2.1036 8.8128 35.547 220.71 M9MIG
20.0 .702 .102 1.782 -. 8740 2.8259 4.0715 5.5096 27.268 M9M1F
14.0 .439 .145 1.550 .0000 1.0000 2.1427 4.4281 9.1619 M9MIE

8.0 .175 .065 2.214 -. 0365 1.0505 12.603 34.368 206.29 M9MID
4.0 0.000 .092 1.575 .5565 1.8879 3.9531 12.683 46.477 M9MIC

-8.0 .526 .130 1.910 -. 7057 1.5000 3.1578 5.2367 11.984 M9MIK

**FILENAME- ZMT20A:FH :CD CREATED 2:53 PM MON., 13 MAY , 1985
**TURBULENT FLUID
**CONVENTIONAL AVERAGED
**M.V. U RE TRACTICN
**HYDROGEN JET FLAME RE=8500. X/D=200. CUT-OFF MF= .0004
** !ENTER LINE POS.- 4.00mm CONY. MIX. ?RACT. HALF RADIUS= 22. 0m-m

** 7 R/ AVG RMS SKEW FLAT Z2 Z3 Z4 FILE
" mm R half (E-3) (E-4) NAME
38.0 1.491 8.082 62.774 .7190 2.6970 1.6033 3.1469 6.9493 M9M1I
32.0 1.228 7.629 58.856 1.2820 4.2520 1.5952 3.3742 8.4321 M9M1H
26.0 .965 10.118 63.740 .6444 2.9770 1.3968 2.3516 4.4941 M9MIG
20.0 .702 12.144 70.845 .4365 2.4328 1.3403 2.1077 3.6705 9M1F
14.0 .439 14.908 80.213 .2080 2.3070 1.2895 1.9008 3.0598 M9MIE
8.0 .175 15.940 83.051 .2442 2.5273 1.2715 1.8489 2.9532 MSMID
4.0 0.000 17.734 78.188 .1254 2.2331 1.1933 1.5906 2.2859 M9MIC
0.0 .175 15.645 75.190 .2546 2.5676 1.2310 1.7212 2.6360, M9M1B

-8.0 .526 15.631 77.472 .1806 2.3097 1.2457 1.7590 2.7013 M9M1K

**FILENAME= ZMA20A:FH:CD CREATED 2:53 PM MON., 13 MAY , 1985
"AVERAGE TOTAL FLUID
"CONVENTIONAL AVERAGED
"MIXTURE FRACTION
**HYDROGEN JET FLAME RE=8500. X/D=200. CUT-OFF MF= .0004
* Y CENTER LINE POS.= 4.00mm CONV. MIX. FRACT. HALF RADIUS= 22. 80mm

" Y R/ AVG RMS SKEW FLAT Z2 Z3 Z4 FILE
'* mm R half (E-3) (E-4) NAME
38.0 1.491 3.909 59.161 1.5802 4.6306 3.2908 13.351 60.961 M9MII
32.0 1.228 5.564 60.683 1.3728 4.5903 2.1896 6.3499 21.758 M9MIH
26.0 .965 9.162 67.445 .6042 2. 8435 1.5419 2. 8669 6.0511 M9MlG
20.0 .702 11.421 74.404 .3919 2.3875 1.4244 2.3815 4.4098 M9MIF
14.0 .439 14.761 81.152 .1932 2.3018 1.3023 1.9389 3.1522 M9M1E
8.0 .175 15.623 85.168 .2042 2.5034 1.2972 1.9247 3.1367 M9MID
4.0 0.000 17.253 82.710 .0019 2.3340 1.2298 1.6897 2.5030 M9MIC
0.0 .175 15.645 75.190 .2546 2.5676 1.2310 1.7212 2.6360 M9MIB

-8.0 .526 15.398 79.164 .1422 2.3190 1.2643 1.8123 2.8252 M9MIK
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**FILENAME= ZMN01F:FH:CD CREATED 12:19 PM THU., 2 MAY , 1985
**NON-%! RBULENT FLUID
**FAVRE AVERAGED
**MIXTURE FRACTION f

**HYDROGEN JET FLAME RE=8500. X/D-- 10. CUT-OFF MF= .0004
** Y CENTER LINE POS.= -. 50mm FAVRE MIX. FRACT. HALF RADIUS= 3.05mm

** Y R/ AVG RMS SKEW FLAT Z 2 Z3 Z 4 FILE I
** mm R half (E-3) (E-4) NAME

7.0 2.459 .036 1.458 .2592 2.7712 17.246 66.874 904.02 M8PIF
6.5 2.295 .047 1.627 .0749 1.9081 12.766 39.637 359.24 MSPIG
6.0 2.131 .224 2.786 -1.009 1.2678 1. 5082 1.6190 2.4291 M8P!E
5.5 1. 967 .270 4. 475 -. 5443 .3099 .4815 .2318 .1116 MSPIH

**FILaNAME= ZMTO1F:FH:CD CREATED 12:19 PM THU., 2 MAY , 1985
**TURBULENT FLUID
**FAVRE AVERAGED
**MIXTURE FRACTION
**HYDROGEN JET FLAME RE=8S00. X/D= 10. CUT-OFF MF= .0004
** Y CENTER LINE POS.= -. 50mm FAVRE MIX. FRACT. HALF RADIUS= 3.05mm

** Y R/ AVG RMS SKEW FLAT Z 2 Z3 Z 4 FILE

7.0 2.459 .998 16.617 6.8759 58.362 4.1487 41.793 593.94 MSPIF
_' - - 05 '?7 2.15 5.11 2.39 5.5129 64A. 41 79. 1 M P''

6.0 11l 1 .42 3*794-7. 2'47 4.33260 28.100 2 .9 94 30.i6 1. 59 m 9p1
5.5 1.967 12.591 161.488 3.1534 16.304 2.67 82 12.653 81.694 M'P1E
5.0 1.803 43.524 312.292 1.6638 6.1466 1.5148 3.1609 8.1838 M8PID"
4.5 1.63 9 78.641 477.942 1.4128 5.3527 1.3694 2.4252 5.2150 M8PII
4.0 1.475 117.025 628.536 1.3201 4. 8286 1.2885 2.0700 3.9508. M8PIC
3.0 1.148 193.004 843.254 .7971 3.1301 1.1907 1.6386 2.5238 MEP!J '
2.0 .820 310.679 1132.44 .1507 2.4074 1.1329 1.4059 1.8689 M8PIB a
o.d .164 461.106 852. 896 -. 2871 2.6208 1.0342 1.1008 1.2011 M8PIA

-4.0 1.148 196. 590 786. 928 .6459 3.3 818 1.1602 1. 5221 2. 213 9 M8P1K

**FILENAME= ZMA01F:FH:CD CREATED 12:19 PM THU., 2 MAY , 1985
**AVERAGE TOTAL FLUID
**FAVRE AVERAGED
**MIXTURE FRACTION
**HYDROGEN JET FLAME RE=8500. X/D= 10. CUT-OFF MF= .0004
** Y CENTER LINE POS.= -. 50mm FAVRE MIX. FRACT. HALF RADIUS= 3.05m,
** ,

** Y R/ AVG RMS SKEW FLAT Z2 Z3 Z 4 FILE
** mm R half (E-3) (E-4) NAME

7.0 2.459 .173 7.593 12.796 239.96 20.318 1145.5 94018. M8PIF
6.5 2.295 .623 20.467 7.6866 78. 928 11.779 305.36 10324. M8PIG
6.0 2.131 2.932 55.626 4.2420 28.152 4. 5982 40.748 502.89 M8P1E
5.5 1.967 12.467 162.757 3.0524 15.750 2.7044 12. 904 84.147 M8P1H
5.0 1.803 43.524 312.292 1.6688 6.1466 1. 5148 3.1609 8.1838 M8PID
4.5 1.639 78.641 477. 942 1.4128 5.3527 1.3694 2.4252 5.2150 M8PII
4.0 1.475 117.025 628. 536 1.3201 4. 8286 1.2885 2.0700 3.9508 M8PIC
3.0 1.148 193.084 843. 254 .7971 3.1301 1.1907 1.6386 2.5238 M8PIJ
2.0 .820 310.679 1132.44 .1507 2. 4074 1.1329 1.4059 1.8689 M8PIB
0.0 .164 461.106 852.896 -. 2871 2.6208 1.0342 1.1008 1.2011 M8PIA

-4.0 1.148 196.590 786.928 .6459 3.3818 1.1602 1.5221 2.2139 M8P1K

B-95

N



**FLJNANKu INNOiU:iCD CREATED 2:44 PM THU.* 2 MAY , 1985
**NON-TUMULENT FLUID
"FAVRE AVERAGED
"MIXTURE FRACTION 'j
**SYDROGENN JET FLAM4 RE-8500. X/Du 25. CDT-OFF M?- .0004

Y CENTER LINE POS-0 -.40m FAVRE MIX. FRACT. HALF RADIUS- 6.40m

* Y R/ AVG RMS SKEW FLAT 22 Z3 24 FILE
** mm R half (E-3) (E-4) NAME
16.0 2.563 .077 1.252 .1069 2.6529 3.6298 9.3452 36.948 M841G
14.0 2.250 .062 1.322 .0015 3.1535 5.5779 14.761 95.044 M841F
13.0 2.094 .095 1.351 -.0623 2.4053 2.9242 6.7061 22.167 M8411
12.0 1.938 .148 1.616 -.6856 1.7389 1.7250 2.7492 5.6646 M841E
11.0 1.781 .251 2.984 -1.012 1.2282 1.3162 1.3410 1.8349 M841J
10.0 1.625 .768 11.857 -.4985 .2505 .2617 .0723 .0208 M841D

-12.0 1.813 .292 3.518 -1.051 1.1856 1.1536 .9242 .964(, M841N

**FILENAME- ZMTO2F:FB:CD CREATED 2:44 PM THU., 2 MAY , 1985
"TURBULENT FLUID
**FAVRE AVERAGED
**MIXTURE FRACTION
**HYDROGEN JET %LAME RE=8500. X/D- 25. CUT-OFF MF- .0004
** Y CENTER LINE POS.- -.40mM FAVRE MIX. FRACT. HALF RADIUS- 6.40mm
!*

y R/ AVG RMS SKEW FLAT Z2 Z3 Z4 iL
* rm R half (E-3) (E-4) NAME
:9. 2. :i3 . 05 .336 .4129 1.4408 1.0118 1.0403 1.0866 ,'841G
14.0 2.250 1.104 25.526 4.9271 17.085 6.6350 78. 574 1052.7 M841F
13.0 2.094 1.411 27.134 4.9285 32.844 5.0943 47. 970 614.41 M8411
12.0 1.938 2.577 46.237 4.2221 24.133 4.6215 35.843 369.08 M841E
11.0 1.781 4.660 84.770 4.1115 24.745 4.6214 36.295 391.65 M841J
10.0 1.625 14.611 182.408 2.2363 8.5769 2.6429 10.195 48.842 M841D
9.0 1.469 35.465 263.313 .9169 3.8335 1.5513 3.0290 6.9736 M841K
8.0 1.313 60.470326.453 .8075 3.9362 1.2915 2.0014 3.5913 M841C
7.0 1.156 81.419 364.504 1.0068 4.0086 1.2004 1.6916 2.7249 M841L
6.0 1.000 102.390 411.889 .6056 2.6425 1.1618 1.5249 2.1978 M841M
4.0 .688 147.752 427.813 .2811 2.5424 1.0838 1.2583 1.5482 M841B
2.0 .375 174.965 384.672 -. 0369 2.6674 1.0483 1.1446 'l.2947 M8410
0.0 .063 200.933 3 85.058 -. 2385 2. 8433 1.0367 1.1085 1.2175 M841A

-8.0 1.188 77.242 348. 517 1.0693 4.5763 1.2036 1.7090 2.8041 M841P
-12.0 1.813 4.711 69.203 3.4454 18.070 3.3428 18.766 142.34 14841N

**FILENAME= ZMAO F:FH:CD CREATED 2:44 PM THU., 2 MAY , 1985
**AVERAGE TOTAL FLUID
**FAVRE AVERAGED
**MIXTURE FRACTION
**HYDROGEN JET FLAME RE=8500. X/D- 25. CUT-OFF MF- .0004
** Y CENTER LINE POS.- -.40mm FAVRE MIX. FRACT. HALF RADIUS= 6.40mm

** Y RI/ AVG RMS SKEW FLAT Z2 Z3 Z4 FILE
** mm R half (E-3) (E-4) NAME
16.0 2.563 .086 1.379 .5237 3.6976 3.5845 10.929 49.910 M841G
14.0 2.250 .109 6.115 20.365 490.48 32.569 3708.2 503484 M841F
13.0 2.094 .392 14.692 8.7814 108.24 15.033 504.76 23249. M8411
12.0 1.938 1.458 38.008 4. 8192 33.778 7.7957 106.76 1943.2 M841E
11.0 1.781 3.685 80.384 4.0373 25.755 5.7576 57.169 780.10 M841J
10.0 1.625 14.247 186.122 2.0579 7.9022 2.7067 10.708 52.611 M841D
9.0 1.469 35.465 263.313 .9169 3.8335 1.5513 3.0290 6.9736 M841K
8.0 1.313 60.470 326.453 .8075 3.9362 1.2915 2.0014 3.5913 M841C
7.0 1.156 81. 419 364. 504 1.0068 4.0086 1.2004 1.6916 2.7249 M841L
6.0 1.000 102.390 411.889 .6056 2.6425 1.1618 1.5249 2.1978 M841M
4.0 .688 147.752 427.813 .2811 2.5424 1.0838 1.2583 1.5482 M841B
2.0 .375 174.965 384.672 -.03"69 2.6674 1.0483 1.1446 1.2947 M8410
0.0 .063 200.933 385.058 -. 2385 2. 8433 1.0367 1.1085 1.2175 M841A

-12.0 1.813 4.159 69.014 3.1959 17.026 3.7542 23.870 205.10 M841N

B-96



**FILENAMEw ZMN0SFiFHiCD CREATED 1:03 PM THU., 2 MAY , 1985
**NON-TURBULENT FLUID
**FAVRE AVERAGED
**MIXTURE FRACTION
**HYDROGEN JET FLAME RE-8500. X/Dw 50. CUT-OFF MF- .0004
** Y CENTER LINE POS.- -.80mm FAVRE MIX. FRACT. HALF RADIUS- 10.70mm

** Y R/ AVG RMS SKEW FLAT Z2 Z3 Z4 FILE
** mm R half (E-3) (E-4) NAME
12.0 1.196 .952 22.480 -. 3690 .1366 .1542 .0261 .0047 M9TIB
14.0 1.383 .546 9.991 -. 5143 .2820 .5017 .2020 .1101 M9T1E
16.0 1.570 .293 3.635 -. 8506 .8097 .9242 .7656 .8144 M9T1G
18.0 1.757 .047 1.671 .0673 1.9122 13.026 40.650 390.09 M9UIB
20.0 1.944 .033 1.394 .2552 2.5580 18.360 71.943 965.28 M9V1B

-15.0 1.327 1.524 29.486 -.4245 .1804 .1827 .0339 .0064 M9V1H

**FILENAME= ZMTO5F:FH:CD CREATED 1:03 PM THU., 2 MAY , 1985
**TURBULENT FLUID
**FAVRE AVERAGED
**MIXTURE FRACTION
**HYDROGEN JET FLAME RE=8500. X/D= 50. CUT-OFF MF= .0004
** Y CENTER LINE POS.= -.80mm FAVRE MIX. FRACT. HALF RADIUS= 10.70mm

** Y R/ AVG RMS SKEW FLAT Z2 Z3 Z4 FILE
, mm R half <E- ( ,E-4) NAME
10.0 1.009 54.376 238.472 .3543 2.9617 1.1923 1.6069 2.3831 M- Q!-
12.0 1.196 33.456 222.285 .6779 3.1752 1.4575 2.5553 5.1109 M9T!B
14.0 1.383 15.752 159.005 1.6064 5.2855 2.1360 5. 9433 19.562 M9TIE
16.0 1.570 6.944 99.383 2.7752 10.929 3.3159 15. 814 92.479 M9TIG
18.0 1.757 3.266 60.527 3.8643 19. 240 4.9033 36.845 348.46 M9UIB
20.0 1.944 2.140 44.506 4.6458 28.989 5. 8476 56.797 737.72 M9VIB

8.0 .822 71.575 240.860 .3478 3.0446 1.1132 1.3530 1.7715 M9VIF
-15.0 1.327 20.002 183.151 1.3417 4.7949 1.8845 4.6376 13.660 M9V1H

0.0 .075 108. 535 194.458 .2730 3.2786 1.0321 1.0979 1.2023 M9V!I

**FILENAME= ZMAOSF:FH:CD CREATED 1:03 PM THU., 2 MAY , 1985
**AVERAGE TOTAL FLUID
**FAVRE AVERAGED
**MIXTURE FRACTION
*HYDROGEN JET FLAME RE=8500. X/D= 50. CUT-OFF MF= .0004

** Y CENTER LINE POS.= -. 80mm FAVRE MIX. FRACT. HALF RADIUS= 10.70mm
**

** Y R/ AVG RMS SKEW FLAT Z2 Z3 Z4 FILE
** mm R half (E-3) (E-4) NAME
10.0 1.009 54.376 238.472 .3543 2. 9617 1.1923 1.6069 2.3831 M901IB
12.0 1.196 33.375 226.602 .5900 3.0280 1.4610 2.5676 5.1480 M9TIB
14.0 1.383 15.302 167.382 1.3002 4.4215 2.1965 6.2909 21.314 M9TIE
16.0 1.570 5.997 100.583 2.4623 9.8863 3.8135 21.060 142.62 M9TIG
18.0 1.757 1.808 50.356 4.3755 26.653 8.7549 118.75 2028.3 M9UIB
20.0 1.944 .516 24.271 8.2819 94.952 23.088 927.04 49901. M9V1B
8.0 .822 71.575 240.860 .3478 3.0446 1.1132 1.3530 1.7715 M9V1F

-15.0 1.327 19.817 188.069 1.1920 4.3832 1.9007 4.7209 14.035 M9VIH
0.0 .075 108.535 194.458 .2730 3.2786 1.0321 1.0979 1.2023 M9V1I

B-9 7



**FILENAME- ZMNOF:FH:CD CREATED 2:48 PM ITU., 2 N.. , 1.965
"NON-TRBULENT FLUID
**FAVRE AVERAGED
**MIXTURE FRACTION

H**YDROGEN JET FLAME RE-8500. X/D.100. CUT-OFF MFu .0004
** Y CENTER LINE POS.- -. 201am FAVRE NIX. FRACT. HALP RADIUS,, 12. 90mm

**Y R/ AVG .\MS SKEW FLAT Z2 Z3 Z4 FILE
*,mm R half (E-3) (E-4) NAME
32.0 2. 496 -. 050 . 998 . 5080 3.0931 4.7819 8. 53 86 55. 950 M7vIG30.0 2.341 -. 03S 1.015 .4724 3.1536 9.2656 14.346 231.30 M7VIH
28.0 2,186 -. 042 1.099 . 5095 2.1248 7.2957 11.401 101.33 MTIVIF
26.0 2.031 .026 1. 468 .1903 1. 9317 31. 928 128.30 2254.9 %,TV II

24.0 1.876 .083 2.038.-.1570 8544 5.7223 14.170 55.559 MTVIi
22.0 1.721 .190 2.847 -. 8161 .8483 1.5308 1.5612 2.6219 M7Vl?
20.0 1.566 .268 4.124 -. 7024 .531] 1.1328 1.0792 1.2500 M7VIL
18.C 1.411 .176 3.270 -. 5420 .3098 .6749 .3264 .1690 MVIN
16.0 1.256 1.066 19.654 -. 4558 .2127 .2639 .0699 .0186 M7VIO

-22.0 1.690 .364 4.950 -. 7647 .6137 .8808 .6886 . 5980 M7V1T
-26.0 2.000 .136 1.697 -. 8150 1.9575 1.9008 2.7735 6.7962 M7VIU

**FILFNAME- ZMT1OF:FH:CD CREATED 2:48 PM THU., 2 MAY , 1985
'URBULENT FLUID

FAVRE VERAGED
**,i X'I1URE FRACTICN

" " 00. "J0-100. CUJT-OFF MF= .0004
w* Y CENTER LINE POS.- -. !r.M FAVRE MIX. iRACT. ki,%Lz RA0:U- S .='Om

• " ',",;G *-M 7.='L -LA " z" T -4 P
7.' E-," 4.af E- : ' NAMIE

0 2. 496 2. 30 35.1.4 2.7 96 17.589 4.5799 3C.412 155. 11 M7?V1E
210.0 .341 2..3669 45095 3.2854 12.257 5.2310 35.746 376.4 M7VIH

5. 0 2. 86 2. 03 4 . 359 3.2991 13.5378 4.0942 23.185 166.86 M71F
26 . 0 2.031 3.305 -5.90 .4340 14.860 3.7381 21.055 146.14 M7V1I
24.0 1.876 5.263 68054 2.7250 10.211 2.9899 12.341 64.087 M7V1J
22.0 1.71 6.611 77.759 2.2856 7.0159 2.6979 9.4984 38.5548 M7VI
20.0 1.566 8.380 9.308 1.9412 6.1840 2.4829 8.2095 31.806 MVIL18.0 1. 411 14.031 130. 935 1.0991 3.3267 1.9090 4. 5821 12. 43 5 M,-"lN
16.0 1.256 17.824 13S.170 .9419 3.1942 1.6596 3.3051 7. 4040 M7V10
12.0 .946 28.736 165. 867 .1764 2.3104 1.3332 2.0334 3.3912 M7VIP

-,8.0 .636 42. 820 128.7 57 -. 3716 2.6213 1.0904 1. 2611 1. 523 5 M7VIQ
i 4.0 .3 26 50.110 112. 351 -. 1252 2.77 97 1.0503 1.1494 1.3030 MTVlR

'. 0.0 .016 53.593 96.084 -. 0225 2.5616 1.0321 1.0963 1.1950 M7VIS
-22.0 1.690 7.435 81.902 1.8475 5.9727 2.3280 7.3391 27.298 M7VIT
-26.0 2.000 3.548 54.097 2.8139 10.059 3.7978 18.875 110.60 M7VIU

"FILENAME- ZMAlOF:FH:CD CREATED 2:48 PM THU., 2 MAY , 1985
**AVERAGE TOTAL FLUID

**FAVRE AVERAGED
**IX1hRE FRACTION

*3"YDROCEN ZET FLAME RE-85OO. X/Dw100. CUT-OFF MF- .0004
Y CENTER LINE PO.- -. 20mm FAVRE MIX. FRACT. HALF RADIUS- 12.90mm

Y R/ AVG RMS SKEW FLAT 22 23 24 PILE
-' mm R half (E-3) (E-4) NAME

32.C 2.496 .355 18.875 6.8024 61. 232 29.235 1106.3 53070. M7V1G
30.0 2.341 .590 27.006 5.6080 37.326 21.941 601.23 18645. M7VIH L

28.0 2.186 1.355 37.380 3.7917 19.616 8.6050 103.33 1499.2 K7VIF
26.0 2.031 2.092 46.210 3.4014 16.156 5.8799 52.307 573.60 M7VII

, 24.0 1.876 4.279 69.848 2.2790 8.7597 3.6646 18.906 118.83 M7VIJ
22.0 1.721 5.616 82.529 1.7693 5.6047 3.1597 13.094 62. 561 M7VIK
20.0 1.566 7.812 100. 564 1.6184 5.2487 2.6571 9.4235 39.163 M7VIL
18.0 1.411 13.892 133.813 .9958 3.1169 1.9278 4.6734 12.809 M7VIN
S160 1. 26 17.488 145.199 .6305 2.6287 1.6893 3.4288 7. 8284 N7V10

8.0 63'6 2. 8 .757 -. 3716 2.6218 1.0904 1.2611 1. 5235M7'.'10
4.c .326 50.110 112.351 -. 1252 2.7797 1.0503 1.1494 1.3030 M7V IR,
0.0 .016 53.593 96.084 -. 0225 2.5616 1.0321 1.0963 1.1950 M7V1S

-22.0 1.690 7.046 84.835 1.6040 5.2752 2.4496 8.1484 31.981 M7VIT
-26.0 2.000 2.141 48.424 2. 497 12.302 6.1161 50.482 490,23 M7V1U

B-98



**rIL3NAME,, Zl'WsrtHICD CREATED 2s52 PM THU., 2 KAY , 1905
**N-T RBULENT FLUID
**FAVUE AVERAGED
**NIXTURU FRACTION
**NUROG N JET PLANE REuSS00, X/Du10. CUT-OFr mr- .0004
" Y CENTER LINE PO0. 1.50.m FAVRE MIX. FRACT. HALF RADIUS" 14.60mm

Y R/ AVG RflS SKEW FLAT S2 23 Z4 PILE
* mm R half (E-3) (E-4) NAME
34.0 2.226 .048 1.932 -.2671 2.1716 16.843 31.465 598.27 M1911N
30.0 1.952 .112 2.288 -. 7802 1.9534 4.3485 5.2217 30.958 M911M
28.0 1.815 .077 2.065 -.4322 1.1360 7.3826 12.565 68.075 M911L
26.0 1.678 .176 2.425 -.8513 1.1335 1.6663 2.0014 3.8734 H911K
24.0 1.541 .302 4.134 -.7970 .7107 .9889 .8041 .9015 M91IJ
22.0 1,404 .639 8. 863 -.6162 .3999 .4876 .2541 .1360 M9111
20.0 1.267 -.026 1.837 .2545 .3856 48.181 55.025 902.73 M911H
16.0 .993 1.167 19.477 -.4826 .2365 .2692 .0804 .0252 M 911G
-20.0 1,473 .557 7.538 -.6792 .4967 .5930 .3330 .2037 M9110
-28.0 2.021 .213 2.528 -1.086 1.6179 1.6078 1.8133 2.9946 M911P

**FILENAME- ZMTISF:FH:CD CREATED 2152 PM THU., 2 MAY , 1985
"TURBULENT FLUID
**FAVRE AVERAGED
"MIXTURE FRACTION

**HYDROGEN JET FLAME RE-8500. X/D-l150. CUT-OFF MF= .0004
** Y CENTER LINE POS.. 1. 50mm FAVRE MIX. FRACT. HALF RADIUS= 1a.90mm

** Y R/ AVG RMS SKEW FLAT Z2 Z3 Z4 FILE
7nM R half (E-3) (E-,) NAME

34.0 2.226 2.710 43.982 3.8087 18.126 4.1245 25.160 209.10 M 911N
30.0 1.952 3.865 52,210 2.6286 8.9461 3.1778 13.662 68.741 X911M
28.0 1.815 3.982 55.167 3.0425 12.611 3.2468 15. 504 92.337 M911L
26.0 1.678 5.256 63.542 2.5208 8.1058 2.8125 10.541 45.956 M911K
24.0 1.541 7.213 79.101 2.1388 6.6023 2.4604 7.9448 29.825 M911J
22.0 1.404 8.676 90.374 1.8280 6.1905 2.1866 6.5240 23.365 M9111
20.0 1.267 10.212 90.504 1.2269 3.7900 1.8333 4.3060 11.609, M4911H
16.0 .993 14.004 104.570 1.0143 3.0291 1.6663 3.3126 7.3027 M1911G
12.0 .719 20.672 101.502 .3811 2.1292 1.2411 1.7684 2.7507 M911F
8.0 .445 23.695 107.249 -.0844 2.0939 1.2049 1.6068 2.2858 M911E
6.0 .308 27.398 103.638 -.1199 2.5316 1.1431 1.4228'1.8844 M911D
4.0 .171 27.007 122.373 .2149 2.1997 1.2053 1.6359 2.'4045 M911C
2.0 .034 29.029 111.542 -.2005 2.3414 1.1476 1.4316 1.8914 M911.
0.0 .103 27.654 105.225 -.0733 2.2407 1.1448 1.4303 1.8995 M 911A

-20.0 1.473 8.141 80.334 1.7038 5.5343 2.0923 5.7955 18.994 M9110
-28.0 2.021 3.602 51.155 2.7019 10.309 3.2957 15.344 86.799 M911P

**FILENAME- ZMAISF:FH:CD CREATED 2:52 PM THU., 2 MAY , 1985
"*AVERAGE TOTAL FLUID
**FAVRE AVERAGED
**MIXTURE FRACTION
**HYDROGEN J"'E LAME RE=8500. X/D-150. CUT-OFF MFz. .0004
** Y CENTER LINE POS.- 1.50mm FAVRE MIX. FRACT. HALF RADIUSm 14.60mm
,*

*Y Y R/ AVG RMS SKEW FLAT Z2 3 Z4 FILE
*mm R half (E-3) (E-4) NAME
34.0 2.226 1.191 34.072 4.5606 28.810 9.1863 1 3.38 2408.1 M911N
30.0 1.952 2.739 50.731 2.4508 9.0772 4.4311 26. 869 190.75 M911M
28.0 1.815 2.927 53.870 2.7800 12.217 4.3864 28.483 230.72 M 911L
26.0 1.678 4.133 65.914 2.0352 6. 538 3.54j9 16.889 93.646 M911K
24.0 1.541 6.383 84.794 1.6177 5.1468 2.7646 10.085 42.781 M9113
22.0 1.404 8.355 93.926 1.5643 5.3927 2.2639 7.0142 26.087 M911I
20.0 1.267 10.052 93.363 1.0692 3.4562 1. 8626 4.4444 12.173 M911H
16.0 .993 13.619 114.682 .6133 2.3864 1.7091 3. 4935 7.9195 M911G
12.0 .719 20.672 101.502 .3 811 2.1292 1.2411 1.7684 2.7507 M 911F
6.0 .308 27.398 103.638 -.1199 2.5316 1.1431 1. 4228 1.8844 M911D
4.0 .171 27.007 122.373 .2149 2.1997 1.2053 1.6359 2.4045 M911C
2.0 .034 29.029 111.-542 -.2005 2.3414 1.1476 1.4316 1.8914 M911B
0.0 .103 27.654 105.225 -.0733 2.2407 1.1448 1.4303 1.8995 M911A

-20.0 1.473 7.760 84.556 1.3865 4.6492 2.1873 6.3558 21.853 M9110
-28.0 2.021 2.721 49.258 2.6157 10.670 4. 2764 26.341 197.25 M911P

B-99



**FILENAME- ZMN20F:FH:CD CREATED 2:56 PM THU., 2 MAY , 1985
**NON-%TRBULENT FLUID
**FAVRE AVERAGED
**MIXTURE FRACTION

H**YDROGEN JET FLAME RE-8500. X/D-200. CUT-OFF MF= .0004
** Y CENTER LINE POS.= 4.00mm FAVRE MIX. FRACT. HALF RADIUS= 18. 80mm

* R/ AVG RMS SKEW FLAT Z2 Z3 Z4 FILE
mm** n R half (E-3) (E-4) NAME

38.0 1.809 .079 1.740 -.4347 1.8670 5.4906 10.168 55.046 M9M1I
32.0 1.489 -.047 2.1 86 .8818 2.0300 21.715 -24.22 717.60 M9NIH
26.0 1.170 .113 2.419 -.5082 .6394 3.9814 6.5445 17.231 M 9I1G
20.0 .851 .301 4.747 -.9352 .9818 1.3929 .6097 1.0439 M9MIF
14.0 .532 .570 9.214 -.5728 .3441 .5458 .2867 .1508 M9M1E
1.0 .213 .218 5.489 -.6700 .4711 4.3740 3.3766 6.2842 M9MID
4.0 0.000 .401 7.659 -.5495 .3123 .9199 .6645 .5544 M9WIC

-8.0 .638 .485 8.345 -.6614 .4723 .8984 .3898 .2426 M 9I1K

**FILENAME= ZMT20F:FH:CD CREATED 2:56 PM THU., 2 MAY , 1985
**TURBULENT FLUID

*FAVRE AVERAGED
**MIXTURE FRACTION

CE** CTER L:NT PC--.= 4.20mM FAVRE MrX. FRACT. HALF RADIUS 19. 9Crm

*mm .1 a-f -,--" NAE
3E.0 1. s09 2.309 41.706 2.?510 10.753 2.6421 :3.!51 "06.47 MlMi:
32.0 1.489 3. 6 4 40.731 2.9463 !1 927 2.5503 9.4220 44.098 M iIH
26.0 2.170 5.939 53.472 1.7104 5.4749 1.9813 5..0217 14.968 M!9G

V 20.0 .851 7.580 61.968 1.4713 4.3990 1. 8018 4.0759 10.591 M9M1F
14.0 .532 10.468 7-7.628 .7936 2.8792 1.5808 3.0351 6.5572 ,9MIE

8.0 .213 10.964 81.036 .8816 3.1446 1.6070 3.1162 6.8219 M9MID
4.0 0.00 C . 965 76.191 1.0811 3.1829 1.4604 2.4855 4.6744 M9MIC
*.0 .213 12.346 74.740 .5629 2.7294 1.3665 2. 2243 4.0650 M9M1E

-8.0 .638 11.408 76.020 .7656 2.8610 1.4907 2.6520 c.2748 M9M1K

**EL1-AME = ZMA20F . -- :CD CREATED 2:56 PM -11U. , 2 MAY , 1985

*"AVERAGE TSTAL FLU:D
**FPVRE AVERAGED"*MIXTURE FRACTION
**HYDROGEN JET FLAME RE=8500. X/D=200. CUT-OFF MF= .0004
** Y CENTER LINE POS.- 4.00mm FAVRE MIX. FRACT. HALF RADIUS= 18. 80mm

**Y R/ AVG RMS SKEW FLAT Z2 Z3 Z4 FILE
** mr R half (E-3) (E-4) NAME
38.0 1.809 1.389 34.466 3.4405 15. 991 7.1564 72.023 854.23 M9MII
32.0 1.489 2.655 42.223 2.3246 9.6903 3.5290 17. 935 115.54 M9M1E
26.0 1.170 5.3 85 58.517 1. 2102 4.1164 2.1807 6.0948 20.033 MMIG
20.0 .851 7.143 68.038 .9908 3.3473 1.9073 4.577 ) 12.623 M9MIF
14.0 .532 10.369 79.990 .6677 2.6736 1.5951 3.0917 6.7430 M9MIE
8.0 .213 10.749 85.894 .6375 2.7090 1.6385 3.2407 7.2364 M9M1D
4.0 0.000 12.588 89.250 .3535 2.3034 1.5027 2.6340 5.1021 M9M1C
0.0 .213 12.346 74.740 .5629 2.7294 1.3665 2.2243 4.0650 M M1B

-8.0 .638 11.244 80.411 5297 2.5288 1.5115 2.7281 5.5052 M9MIK
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*APPENDIX B-3

RECOMMENDED FORMAT FOR DATA BASE DOCUMENTATION

1. Experimental Facil: v

, general . scr .ption of facility

2. Experimental Configurations

* detailed description of experimental configurations; figures

3. Test Conditions

* identification of test conditions including table listing

conditions
' . !nlet and 3oundarv 'Thnditions

* identification and explanation of inlet and boundary conditions

including axiai pressure gradient
5. Quantities Measured

*,.delineation of quantities measured, quantities tabulated, and

quantities archied on tape and or disk

. identification of diagnostic(s) used for each measurement

6. Diagnestics

* description of diagnostics used; figures of configuration

7. Unusual Measurement Methods

* description of methodology used in the acquisition of data with

attention to techniques unique to the present experiment

8. Experimental Protocol

,. a description of the protocol adopted in the acquisition of the

data; the order in which the data were collected; the elapsed
period of time

q 9. Quality Control

*.0 a delineation of steps taken to assure accuracy of the data;

mass balances; repeatability tests; reproducibility tests;
diagnostic(s) performance including seeding uniformity and

consistency in the case of laser anemometry; steps taken to

assure identical test conditions throughout the duration of the

study; tests of sensitivity of experiment to boundary conditions
(e.g., exhaust suction)

B-1O1



10. Error Analysis

an estimiate of the uncertainty (in percent) associated with

each of the measurement due to uncertainty in the

measurement method, flow conditions, and so forth

I1. Availability of Data

explanation of the availability of the data (report number,

source, ordering information) and the media (magnetic tape,

floppies) on which the data are available

12. References

citations of (1) reports and publications referred to in item I',

ind c2) references -eferred' ti n lext

13. Data

still ?notograpns of flame for the ourposes ,t '0) dentifving I

the physical nature of the txperimert, and (2) the time-

averaged structure of the flame

presentation of successive frames from a high speed

photographic sequence for the purposes of (1) describing the i
dynamic behavior of the flame, and (2) providing an indication

of the scales of turbulent mixing

description of the format in which the data are presented

tables of data

4. a
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APPENDIX C

TABULATED DATA FOR CHAPTER 4

SYNGAS/AIR FLAME
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AXIAL PROFILES

Velocity Catorlize - 0 - Free Stream Y " -50 -

/d (u, /d u :;
(I II)W s ) (a/ ) (M/ S)

1.0 65.9 5.0 0.0 2.41 0.03 ,

2.0 64.7 5.0 10.0 2.42 0.03
35.0 62.4 4.5 20.0 2.43 0.03
8.0 f1.0 5.6 30.0 2.43 0.03

11.0 57.9 6.3 40.0 2.42 0.03
14.0 35.i 7.4 50.0 2.44 0.04
i7.5 .0.7 " -2 50.0 2.46 '.04
20.0 46.9 6.9 70.0 2.49 0.04
-- 40.3 ''0.u 2.47 0.05
30.0 36.2 i .0 90.0 2.50 0.05
35.0 33.4 6 J 100.0 2.53 0.06
40.C- 28.7 6.0
50.0 20.8 4.7
60.0 15.1 3.6
70.0 12.0 2.7
80.0 8.9 2.0
90.0 7.7 1.6

100.0 7.0 1.5

C-2



Radial Profilea

Velooity

z/d - 0.3 x/d - 25 x/d - 100

Izi "i (u,) il 1 (4) IYI (U2)

(m) (a/a) (a/a) (a) (a/s) a/4 () (a/S) (A/s)

0.0 66.0 5.1 39.5 2.5 .03 (5.5 2.49 .04
0.2 66.8 4.7 34.5 2.5 .03 60.5 2.46 .05
0.4 67.1 4.8 29.5 2.5 .04 55.5 2.49 .07
0.6 66.2 4.6 24.5 2.5 .04 50.5 2.47 .10
0.8 64.6 4.6 19.5 2.5 .08 45.5 2.53 .22
1.0 62.5 4.9 14.5 2.6 .30 40,5 2.68 .35
1.2 60.0 5.0 11.5 4.1 1.79 35.5 3.04 .72
1.4 56.8 5.9 9.5 10.1 4.73 30.5 3.55 .89
1.6 51.3 %.2 7 .5 15.2 5.42 25.5 3.99 1.02

42.0 9.1 5.5 25.6 7.79 20.5 4.92 1.22
2.0 30,0 8.0 3.5 33.8 7.04 15.5 5.71 1.36
2.2 7.0 2.5 1.5 39.7 6.26 10.5 6.46 1.46
2.4 2.6 0.52 .5 41.1 6.22 7.5 6.80 1.54
3.0 1.1 0.11 .5 40.3 6.23 5.5 7.00 1.53
3.5 1.3 0.16 1.5 31.2 6.54 3.5 7.03 1.53
4.0 1.6 0.17 2.5 37.2 7.65 1,5 7.29 1,55
5.0 2.0 0.20 3.5 33.4 7.58 .5 7.11 1.5
6.0 2.2 0.13 4.5 29.0 7.48 2.5 7.17 1.51
7.0 2.3 0.07 5.5 25.0 7.33 4.5 7.01 1.49

I" 6,5 20.9 6.98 6.5 6.88 1.50
7.5 14.4 5.81 8.5 6.68 1.41
8.5 11.4 4.80 11.5 6.29 1.45
9.5 9.9 4.90 14.5 5.85 1.36
10.5 5.1 2.41 17.0 5.37 1.27
11.5 4.2 1.83 19.5 5.17 1.31
12.5 3.4 1.32 22.5 4.56 1.15
13.5 2.7 0.53 26.5 4.04 1.0114 .5 2.6 ,p.3.. 30.5 3.51 .95
15.5 2.5 0.23
16.5 2.5 0.115

18.5 2.5 0.10
20.5 2.5 0.07
25.S 2.5 0.05
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~dia1 ~ifll

Temperature in OK

Density in kg/m3

Compouition in mole fraot.ons: Xi
0I

Mixture fraction: f conventional average
Favre average

x/d - 10

12y/dI 7 7 -- - ,-.--

T D2 2 1 I N2 X2 0 2

0.0 0.77 0.77 0.49 521 .01 .00 .36 .37 .03 .23
.76 0.76 0.46 5A8 .0. .90 .36 .27 .33

0.6 0.73 0.72 0.39 718 .02 .00 .34 .39 .05 .20
0.6 0.74 0.73 0.43 634 .01 .00 .35 .38 .04 .21 -
1.3 0.62 0.61 0.27 1189 .04 .00 .28 .45 .09 .14
1.9 0.45 0.44 0.19 1731 .09 .01 .17 .55 .13 .05
2.5 -0.27 0.28 0.22 1646 .12 .06 .05 .63 .12 .01
3.1 0.09 0.12 0.45 901 .07 .1. .01 .70 .06 .00
3.1 0.13 0.15 0.37 1066 .09 .14 .01 .68 .07 .00
3.8 0.00 0.00 0.94 337 .02 .21 .00 .76 .01 .00

rL

I

i
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S z/d - 10

1 2 y / d i " ff p # V i C 2 i 0 2 i C D i t 2 x ' o  X 'i 2

0.0 .19 .05 .10 194 .02 .00 .04 .02 .02 .03
a 0.0 .19 .06 .10 189 .02 .00 .03 .02 .02 .03

0.0 .23 .06 .10 266 .03 .JO .05 .03 .03 .04
0.6 .22 .06 .11 243 .03 .00 .04 .03 .03 .03

1.3 .24 .08 .07 360 .04 .0( .07 .05 .03 .05
.:..5 .J9 .J3 342 ..)5 .01 .,8 J,6 . .24

2.5 .05 .07 .04 275 .04 .04 .06 .04 .02 .01
J.3 .j7 .19 414 .A3 .34 .ji .L4 .13 .A0

. .03 .07 .15 381 .03 .04 .02 .03 .33 .30
3.8 .02 .02 .14 88 .01 .01 .00 .02 .01 .00

k(-
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z/d - 25

12y/dl f I - - - - -OD OD N "B 0 "B I
2 02 2 2 2

0.0 .51 .50 .21 1457 .05 .00 .23 .ir1 .12 .08
1.3 .50 .49 .21. 149 .04 .01 .23 .52 .11 .08
2.5 .43 .43 .19 1633 .06 .01 .19 .57 .12 .05
2.5 .30 .31 .20 1639 .09 .04 .10 .63 .12 .02
3.8 .32 .33 .19 1683 .08 .03 .12 .62 o12 .03
5.0 .19 .22 .25 1471 .10 .08 .04 .67 .09 .01
6.3 .09 .13 .40 1042 .08 .14 .01 . 0 .06
7.6 .03 .06 .0 712 .05 .17 .00 .73 .04
8.8 .01 .02 .80 467 .03 .19 .00 .75 .02 .

. .0 .0 1.AI :zc D ... 0 .6 ,ji )o
11.3 .00 .00 1.06 292 .01 .21 .00 .77 .00 .O0

C
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z /d - 25

12y/ d I f f p ' T # I s co 20CD x , f N 2o 2 i H

0.0 .15 .08 .03 348 .05 .01 .07 .05 .02 .04
1.3 .14 .08 .03 330 .04 .01 .07 .05 .02 .03
2.5 .14 .09 .02 320 .05 .02 .08 .06 .01 .03
2.3 .10 .11 .05 417 .05 .05 .08 .o6 .02 .03
3.8 .11 .11 .04 380 .05 .04 .09 .06 .02 .03
5.0 .06 .10 .11 469 .04 .05 .06 .04 .03 .01
6.3 .04 .08 .21 482 .04 .05 .03 .04 .03 .01
-. 6 .04 .07 . 9 403 .04 .04 .01 .03 .03 .00
8.8 .03 .05 .28 267 .03 .o3 .00 .03 .02 .00

10.1 .01 .02 .16 123 .01 .,,1 .00 .01 .01 .00
11.3 .01 .01 .08 59 .01 .01 .00 .01 .01 .00

C-7



z/d - 50

12y/dI 02-f 2  O H

0.0 .21 .21 .20 1775 .12 .66 .02 .69 .10 .00
1.3 .20 .21 .20 1690 .11 .07 .03 .68 .10 .00
1.3 .21 .22 .19 1800 .10 .07 .04 .68 .10 .01
2.5 .19 .20 .22 1653 .11 .08 .02 .68 .10 .00
2.5 .19 .20 .21 1652 .12 .07 .01 .69 .10 .00
3 .8 .18 .19 .23 1555 .11 .09 .02 .69 .09 .00
. . .:6 .;.3 .21 1465 ._0 .1-0 .02 .69 .39 . 0

6.3 .14 .16 .28 1357 .10 .11 .01 .69 .08 .00
.6 .:3 .5 .31 1Z00 .09 ,.I .01 .70 .07 .00

8.8 .10 .12 .38 1016 .07 .14 .01 .71 .06 .00
10.1 .07 .09 .46 846 .06 .16 ,01 .72 .05 .00
11.3 .06 .08 .51 739 .06 .16 .01 .72 .04 .00
12.6 .05 .07 .56 693 .05 .17 .00 .73 .04 .00
13 .8 .03 .05 .67 570 .04 .18 .00 .74 .03 .00
15.1 .02 .03 .77 484 .03 .19 .00 .74 .02 .00
16.4 .01 .02 .82 400 .03 .19 .00 .75 .02 .00
17.6 .00 .01 .99 330 .02 .20 .00 .76 .01 .00

I,
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x/d - 50

12y/dI f' f' p' V IfD2 X'02 1fc I N2 1fB2 0  1 2

0.0 .04 .05 .06 382 .03 .04 .03 .04 .02 .01
1.3 .03 .05 .05 344 .02 .04 .02 .02 .02 .00
1.3 .06 .07 .05 393 .04 .04 .05 .05 .02 .01
2.5 .03 .05 .06 351 .02 .04 .02 .03 .02 .00
2.5 .04 .05 .05 364 .03 .04 .02 .04 02 '01

3.8 .03 .05 .07 374 .03 .04 .02 .02 .02 .00
. .33 .is .j9 407 .3 .J4 .J2 32 .32 -A

6.3 .03 .05 .11 409 .03 .04 .01 .03 .02 .00
.3 .03 .j6 "z .15 .33 .J4 .1 .32 .J2 .j0

3.& .32 .06 .;b 415 .33 .J4 .01 .03 .02 .00
10.1 .03 .06 .20 374 .03 .03 .01 .03 .02 .00
11.3 .03 .05 .20 315 .03 .03 .01 .03 .o2 .00
12.6 .03 .06 .23 332 .03 .03 .01 .03 .02 .00
13.3 .03 .05 .26 289 .02 .03 .01 .03 .02 .00

i 15.1 .02 .05 .28 241 .02 .03 .00 .02 .02 .00
16.4 .04 .04 .27 137 .02 .02 .00 .02 .02 .01
17.6 .01 .02 .19 127 .01 .01 .00 .02 .01 .00

I

O
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16]

Concentration in 10 molecules/Go

x/d -10 x/d 25 x/d =0

2y/d C~ C' yd I2y/dI C ? CM

.4 .01 .02 .1 .19 .47 0.3 1.68 0.77

.7 .01 .03 .3 .18 .44 0.3 1.67 0.75
1.0 .03 .10 .4 .20 .47 0.3 1.61 0.73
1.7 .51 .74 .9 .23 .53 0.9 1.68 0.78
2.0 1.32 1.27 1.5 .43 .77 1.5 1.57 0.80
2.0 1.48 1.27 1.6 .54 .84 2.1 1.53 0.81
2.3 2.45 1.16 2.1 .75 1.00 .. 8 1.47 0.83

-A'41 3A 1.9 .2
2.6 2.43 1.00 2.3 1.33 1.10 4.0 1.31 0.92:. Z ." 36 I .1! 3 . 4 "1 .66 1 -15 4.7 1 .07 1).'-3 -

Z. ..Z1 0.96 3.LZ 1.62 1.08 5.3 11.06 0.90
2.9 1.34 1.05 4.0 1.65 1.07 6.0 0.89 0.83
2.9 1.62 1.24 4.1 1.55 1.05 6.6 0.76 0.34
2.9 1.95 1.30 4.6 1.46 1.10 7.2 0.62 0.72
3.3 0.40 0.65 4.8 1.25 1.09 8.S 0.38 0.55"
3.3 0.62 0.85 5.2 1.01 1.05 11.0 0.15 0.28
3.5 0.07 0.25 5.4 .88 1.03
3.9 0.01 0.11 5.9 .59 .86
4.2 0.00 0.02 6.5 .34 .65
4.9 0.00 0.02 7.1 .17 .39

7.7 .09 .25
8.4 .06 .13
9.0 .04 .07
9.7 .04 .04

10.9 .04 .02

,4

Li'.
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x/D - 100 continued: *0.81 (vol.) Aimonia added to fuel

loci [pps] (pYW.1

0.0 483 3.6 114

1.26 465 3.5 105

2.83 430 3.1 93

4.25 382 2.5 78

6.0 320 1.9 60

9.12 175 1.0 29

10.7 112 0.6 16.5

12.25 55 0.17 "1.3

13.84 33 0.08 4.0

15.4 25 0.0 2.0

C i,"I

C-Il p.



EXPERIMENTAL DATA FOR METYAkWE JET

Initial Condition x/d " 1

r/x u/ o  ut/u't c 'u' VISc /u 9 k/k c

Re - 11700, U 49.8 a/u, V, /Z 0.0160:

0.4 0.999 0.952 0.10c 0.813 1.069

0.2 0.995 0.857 0.719 0.759 0.879

0.0 1.015 1.000 0.714 0.754 1.000

0.2 0.985 0.905 0.762 0.848 1.019

0.4 0.996 3-095 0.905 0.953 1.408

Axial Variation of Quant.ities

Centerline Mean Velocity Centerline u

and 'elocity Fluctua:ion Mean Temperature

Re 11700 .e 1170"

x/d / u/u x/d T(y)
C 0 C U,

22.0 758
1.OG 1.000 0.013 29.9 1003
1.71 1.000 0.013 52.2 1335 I"

2.22 1.001 0.012 79.0 1543
4.76 0.998 0.012 101.6 1742
7.30 0.998 0.021 150.0 1550 .
9.84 0.393 0.03., 198.0 951
12.38 0.973 0.030 303.0 555
14.92 0.962 0.050 418.0 424
52.2 0.226 0.136

101.6 0.170 0.183
150.0 0.117 0.206
198.0 0.083 0.215
303-C 0.072 0.245
418.0 0.058 0.267
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Canterline Mean Specie3 Concencrations

I

Mass Fraction

x/d CH4  02 2 O H20 CO it2

13 0.558 0.011 0.352 0.008 0.048 0.010 0.012
24 0.252 0.026 0.594 0.029 0.067 0.024 0.008
36 0.176 0.010 0.644 0.042 0.086 0.035 0.007
32 0.111 0.004 0.662 0.070 0.110 0.047 0.006
so 0.032 0.001 0.682 0.060 0.100 0.050 0.005

100 0.002 0.039 1.743 i.192 .275 '.4.

150 0.000 0.097 0.755 0.069 0.075 0.004 0.000
zoo 0.000 .'67 1.72 . 3.340 3.100 i3.Qo
300 0.000 0.203 1.760 3.009 2.izs lojo0 .300
400 0.000 0.IO 0.761 0.007 0.020 0.000 0.000

i

'
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Radial Variation of Quantities

Mean Velocity

Re 11700

rli lu/ nl ulu rlx u/c

x/d - 52.2: x/d - 150: x/d - 303:

0.000 1.000 0.000 i.000 0.000 1.000 "

0.014 0.963 0.005 0.981 0.013 0.971

0.024 0.921 0.024 0.917 0.027 0.399 &
0.043 0.858 1.039 1.302 0.040 0.313

0.063 0.675 0.052 0.649 0.053 0.709

0.083 0.462 0.069 0.070 0.067 0.626

0.102 0.301 0.083 0.392 0.080 0.495

0.13 0.197 0.100 0.298 0.093 0.448

0.142 0.142 0.115 0.229 0.107 0.357

0.162 0.085 0.131 0.208 0.127 0.261

0.182 0.053 0.145 0.117 0.1j/ 0.171

0.201 0.035 0.160 0.076 0.167 0.120
0.175 0.039 0.187 0.070

x/d w 102:

0.000 1.000 X/d a 198: x/d - 418.0:

0.010 0.975 0.000 1.000 0.000 1.000

0.030. 0.923 0.008 0.961 0.015 0.976 .

0.049 0.788 0.023 0.903 0.031 0.905

0.069 0.537 0.038 0.805 0.046 0.853

0.089 0.356 0.053 0.677 0.061 0.732

0.108 0.261 0.068 0.517 0,077 0.590

0.128 0.177 0.083 0.389 0.092 0.471

0.148 0.125 0.098 0.329 0.107 0.378

0.167 0.100 0.11 0.259 0.122 0.292

0.187 0.076 0.128 0.215 0.138 0.207

0.144 0.149 0.153 0.138

0.159 0.105 0.168 0.076

0.174 0.055
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udial Variation of Quantities

Mean Tesperatura

Re 11700

r/x T(K) r/x T(K) r/x T(K)

x/d - 52.5: x/d - 150: x/d - 303:
0.000 1335 0.000 1550 0.000 5550.008 1341 0.005 1552 C.007 548

1.019 1363 0.019 1462 0.020 525
0.031 1412 0.032 1339 0.033 498
0.042 1458 0.045 1214 0.046 4700.054 1534 0.059 1034 0.059 440
0.06; .609 O.J% ,390 0.073 409
0.077 1663 0.085 732 0.086 385

. Z88 :5 X.099 i 4 O.099 37
0. 00 1626 0.112 572 0.112 352
0.111 1513 0.125 498 0.125 3400.123 1327 0.139 438 0.139 328
0.133 1116 0.152 399 0.152 3200.146 926 O.i65 364 0-165 314
0.157 750 0.179 337 0. 178 311
0.169 602 0.192 323 0.191 3080.180 500 0.205 3050.192 411 x/d u 198.0:
0.203 361 0.000 951 x/d- 418:

x/d - 102: 0.003 943 0.000 421
0.013 923 0.005 423

0.000 1742 0.023 902 0.015 4150.011 1735 0.033 850 0.024 410
0.021 1745 0.043 807 0.034 390.0030 1732 0.053 758 0.044 382
U.040 1710 0.063 696 0.053 380
0.050 1665 0.073 633 0.063 373
0.060 1580 0.083 581 0.072 363
0.070 1482 0.094 534 0.082 3 540.080 1382 0.104 A92 0.091 344
0.090 1259 0.114 458 0.101 338
0.099 1041 0.124 425 0.111 332
0.109 1009 0.134 - 0.121 325
0.119 834 0.144 379 0.130 3200.129 780 0.154 - 0.139 317
0.139 685 0.164 344 0.149 3120.149 633 0.174 - 0.158 309
0.158 521 0.168 308
0.168 479
0.178 442
0.188 411
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Radial Variation of Quantities V

Hass Fraction

/x CH4  02 2  02 C2 0 CO H 2

U. - 11700 x/d - 52.5

0.000 0.108 0.004 0.656 0.075 0.109 0.043 0.005
0.015 0.076 0.003 0.673 0.076 0.126 0.041 0.005
0.031 0.052 0.019 0.671 0.102 0.118 0.030 0.008
0.046 0.028 0.058 0.644 0.129 0.111 0.024 0.006
0.061 0.013 0.065 0.666 0.130 0.105 0.018 0.003
0.076 0.006 0.079 0.722 0.092 0.085 0.014 0.002
0.092 0.001 0.123 0.727 0.070 0.075 0.003 0.001
0.107 0.000 0.138 0.744 0.051 0.067 0.000 0.000
0.122 0.000 0.152 0.787 0.025 0.036 0.000 0.000
0.,L8 0.000 0. 87 0.764 0.018 O.O1 0.00 0.000
0.150 0.000 0.190 0.771 0.015 0.024 0.000 0.000
J.b. J.oo 0.192 3."80 0.009 0.319 Q.000 0.00
0.172 0.000 0.195 0.786 0.005 0.014 0.000 0.000
0.188 0.000 0.203 0.782 0.002 0.013 0.000 0.000

Re - 11700 Xld - 100

0.000 0.002 0.041 0.745 0.079 0.082 0.041 0.010 1
0.015 0.002 0.042 0.716 0.074 0.117 0.042 0.007
0.030 0.001 0.045 0.721 0.077 0.115 0.034 0.007
0.045 0.000 0.063 0.731 0.083 0.089 0.029 0.005
0.060 0.000 0.066 0.732 0.088 0.086 0.025 0.003
0.075 0.000 0.083 0.746 0.076 0.081 0.014 0.001
0.090 0.000 0.107 0.752 0.063 0.069 0.009 0.000 P
0.105 0.000 0.140 0.746 0.049 0.060 0.005 0.000
0.120 0.000 0.173 0.738 0.047 0.041 0.001 0.000
0.135 0.000 0.191 0.734 0.038 0.037 0.000 0.000
0.150 0.000 0.208 0.744 0.023 0.025 0.000 0.000
0.165 0.000 0.213 0.750 0.014 0.023 0.000 0.000

Rt 11700 x/d - 200

0.000 0.000 0.161 0.764 0.033 0.042 0.000 0.000
0.015 0.000 0.165 0.767 0.027 0.041 0.000 0.000
0.030 0.000 0.172 0.761 0.025 0.042 0.00 0.000
0.045 0.000 0.179 0.758 0.026 0.037 0.000 0.000
0.060 0.000 0.187 0.759 0.020 0.034 0.000 0.000 .
0.075 0.000 0.192 0.762 0.018 0.028 0.000 0.000
0.090 0.000 0.199 0.761 0.015 0.025 0.000 0.000
0.105 0.000 0.208 0.762 0.010 0.020 0.000 0.000
0.120 0.000 0.215 0.763 0.007 0.015 0.000 0.000 U0.135 0.000 0.217 0.767 0.005 0.011 0.000 0.000
0.155 0.000 0.218 0.774 0.002 0'.006 0.000 0.000
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PAdial Variation of Quantities

Re - 11700 x/d 5 52.5

" x 'I; vv/; c-''v'I€ k/; 2 --_.

0.000 0.130 0.103 0.094 0.0004 0.0181
0.019 0.135 0.098 0.090 0.0018 0.0180
0.038 0.145 0.107 0.096 0.0066 0.02080.058 0.145 0.112 0.095 0.0107 0.0213
0.077 0.128 0.110 0.096 0.0083 0.0188"-
0.096 0.115 0.098 0.085 0.0056 0.0150

0.115 0.084 0.089 0.098 0.0092 0.0123
0.134 0.065 0.070 0.085 0.0011 0.0082
0.153 0.033 0.040 0.062 0.0007 0.0063
0.173 0.028 0.030 0.050 0.0003 0.0021

R4 - 11700 x/d - 101

0.000 0.,.9 0.139 0.129 0.0010 0.0423
0.012 0.20 0.140 0.144 0.0019 0.0443
0.030 0.236 o.1z4 0.143 0.0097 0..8
0.050 0.243 0.142 0.153 0.0136 0.0512
0.070 0.Z4" 0.i25 0.148 0.0139 0.0498
0.090 0.231 0.132 0.134 0.0127 0.0443
0.111 0.184 0.122 0.102 0.0089 0.0295
0.132 0.135 0.108 0.088 0.0076 0.0188
0.146 C.117 .091 0.084 0.0064 0.0145
0.172 0.090 0.076 0.075 0.0039 0.0097
0.189 0.067 0.065 0.065 0.0013 0.0064

Re a 11700 x/d o 52..5

0.000 0.294 0.195 0.195 -0.0006 0.081"-
0.020 0.287 0.197 0.191 0.0087 0.0788
0.040 0.290 0.197 0.184 0.0191 0.0783
0.060 0.273 0.190 0.176 0.0219 0.0708
0.080 0.254 0.186 0.160 0.0187 0.0623
0.100 0.228 0.179 0.141 0.036 0.0519
0.120 0.205 0.154 0.117 0.0078 0.0397
0.140 0.173 0.143 0.100 0.0031 0.0302
0.160 0.144 0.113 0.090 0.0011 0.0208
0.180 0.121 0.104 - 0.0006 0.0181

U a 11700 x/d - 400

0.000 0.258 0.212 - 0.0007 0.0782
0.020 0.261 0.215 - 0.0056 0.0800
0.040 0.260 0.215 - 0.0109 0.0800

0.060 0.251 0.205 - 0.0141 0.0735
0.080 0.247 0.195 - 0.0166 0.0685
0.100 0.215 0.183 - 0.0150 0.0566
0.120 0.183 0.157 - 0.0122 0.0413
0.140 0.165 0.139 - 0.0096 0.0329 ,.-
0.160 0.135 0.129 - 0.0052 0.0231 1
0.180 0.107 0.099 - 0.0014 0.0155
0.200 0.087 0.082 - 0.0001 0.0105
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EXPERIKENTAL DATA FOR PROPANE DIFFUSION FLA1E

Propane diffusion flame

Re a 42700

a 31.34 a/u, u 1 0.0, D - 6 we

Composition in mote fractions i

x/D , 20:

yiD T 002 y/D c/D y

0.0 0.011 0.0 0.016 0.0 0.067 I-.A 0.004

O.4 0.015 O.4 0.02 0.3 0.0675 1.% 0.011

0.8 0.035 0.8 0.029 0.6 0,061 1.5 0.016

1.2 0.03S 1.4 0.047 0.8 0.051 2.4 0.056

1.6 0.056 1.6 0.055 1.1 0.048 2.75 0.071

2.A 0.044 2.0 0.051 1.3 0.0325 2.85 0.U7A

2.8 0.019 2.3 0.021 1.7 0.027 3.7 0.083

3.2 0.011 2.9 0.005 2.1 0.014 4.0 0.0855

3.8 0.003 3.1 0.004 2.4 0.0012

4.0 0.0015 3.8 0.001 2.9 0.0005

C-i 8
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X/D ,40:

y/D c 2  y/D 'Co y/D ruNC y/D 02

0.0 0.037 0.0 0.0425 0.0 0.0314 2.0 0.004

0.4 0.0365 0.8 0.0446 0.8 0.0308 2.6 0.009

0.f, 0.0376 0.9 0.0458 1.8 0.0225 3.3 0.026

1.0 0.039 1.9 0.051 2.9 0.0113 3.6 0.043

1.5 0.0428 2.A 0.0558 3.- 0.0026 4 .. . J. 088

2.3 0.0469 2.9 0.0573 4.9 0.001 4.7 0.119

2.6 0.0534 3.9 0.0406 5.3 0.16

3.1 0.0572 4.1 0.0217 5.6 0.174

4.0 0.058 4.6 0.0112 6.5 0.164

4.2 0.0423 5.3 0.0028

4.6 0.037 5.9 0.0006

5.2 0.0113

6.1 0.0026
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x/D - 60:

y/D xco2  y/D xCO y/D HC y/D xO2

0.0 0.0442 0.0 0.0537 0.0 0.0846 1.9 0.005

0.8 0.0439 0.9 0.0541 0.9 0.0821 2.8 0.008

1.5 0.0462 1.2 0.0557 2.0 0.0758 3.2 0.012

2.4 0.0494 1.8 0.0578 2.8 0.061 3.; 0.013

.1 0.0557 0.. 059 . o.0573 t.2 0.024

4.5 0.0612 3.1 0.0602 3.7 0.0397 4.9 0.045

5.6 0.072 3.7 0.058 4.1 0.035 5.4 0.07

6.4 0.054 4.1 0.0578 4.8 0.0202 5.5 0.082

7.0 0.0364 4.8 0.0498 5.8 0.0103 6.2 0.106

8.0 0.0222 5.1 0.0441 6.2 0.006 6.4 0.112

8.8 0.0141 5.7 0.0358 6.8 0.0026 7.1 0.133

9.1 '.012 6.2 0.0248 7.3 0.0015 7.8 0.152

10.8 0.004 6.8 0.0137 8.8 0.165

7.1 0.0102 9.1 0.176

7.9 0.004 11.1 0.198

8.9 0.0016 12.9 0.208

9.3 0.0015 ;""

I
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I

II
X/D a 100:

y/D "Co2  y/D xCO y/D lUHC y/D 102

0.0 0.0551 0.0 0.0641 0.0 0.067 0.0 0.01

0.5 0.0556 1.3 0.0622 0.3 0.0674 0.2 0.012

1.0 0.0569 3.8 0.0572 1.3 0.0635 1.6 0.013

1,9 0.057 4.8 0.0523 2.3 0.3)5 2.. .J15
3.3 3.361 6.3 0.3395 2.1 0.0534 2.5 0.018

4.6 0.0622 6.9 0.0314 4.2 0.0375 4.- 0.024

5.4 0.0628 8.8 0.0178 4.3 0.0362 4.3 0.03

6.7 0.06 10.9 0.0072 5.6 0.025 6.2 0.052
7.0 0.0595 13.0 0.002 6.2 0.018 7.6 0.08

8.7 0.0518 15.0 0.0005 7.5 0.011 8.3 0.091

9.1 0.0489 16.0 0.0 8.2 0.008 S.6 0.12

10.7 0.038 9.4 0.0038 lo.3 0.134

11.1 0.035 10.3 0.0018 11.5 0.149

12.8 0.02 11.5 0.0008 12.2 0.157

14.8 0.013 12.1 0.0005 13.4 0.169

15.9 0.012 14.3 0.181

18.0 0.0057 16.5 0.194

20.9 0.002 17.2 0.197

20.2 0.212
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x/D 8 O:

y/D yc 2  
1/o co y/D iuc y/D 0o2

0.0 0.048 0.0 0.059 0.0 0.059 0.15 0.003

0.3 0.0488 1.1 0.0593 1.1 0.0557 2.0 0.005

1.3 0.0491 2.1 0.592 2.1 0-05 3.2 0.013

1.9 0.0513 3.0 0.058 3.0 0.039 4.0 0.019

-9 0.0512 4.0 0.357 4.0 0.0296 5.j

3.8 0.0568 5.0 0.052 5.0 0.0192 6.0 0.047

4.9 0.0603 6.0 0.0436 6.0 0.0112 7.0 0.076

5.8 0.0591 7.0 0.031 a.o 0.0028 9.0 0.135

6.6 0.0552 9.0 0.09 10.0 0.0005 11.0 0.169

7.3 0.0488 11.0 0.0015 14.0 0.196

7.6 0.044 17.0 0.21

8.4 0.0369

9.5 0.0288

10.5 0.0202

11.3 0.011

13.7 0.0052

14.4 0.002
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x/D - 150i

y/D co2 Y/D xco Y/D 7mc y/O 1o2

0.0 0.0738 0.0 0.0463 0.0 0.0175 0.0 0.032

1.9 0.0725 2.0 -1.9 0.016 0.8 0.034

4.0 0.069 3.6 0.038 4.0 0.0103 3.0 0.038

7.0 0.0608 5.0 0.031 6.0 0.006 5.7 0.061 ,

9.0 0..545 ; J J-021 a.:) 0.04 7.3 0.J88
11.0 0.044 9.0 0.014 10.0 0.002 8.0 0.098

13.0 0.033 11.0 0.008 12.0 0.001 9.0 0.109

14.0 0.0308 13.0 0.0038 13.0 0.0004 9.1 0.104

16.0 0.0207 14.0 0.0027 1i.0 0.13

17.0 0.017 17.0 0.001 13.0 0.15

19.0 0.012 20.0 0.0004 16.0 0.172
23.0 0.005 17.0 0.176

27.0 0.0016 19.0 0.185

23.0 0.197

27.0 0.21

op
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x/D - 120:

y/D x co2  y/D Co y/D XtUC Y/D 02

0.0 0.062 0.0 0.06 0.0 0.0421 1.9 0.024

0.6 0.0618 0.8 0.0588 1.8 0.0375 3.8 0.036

1.2 0.0618 2.8 0.0562 3.9 0.0264 5.9 0.054

:.4 0.3638 4.9 0.047 5.9 0.017 7.9 0.075

3.2 0.065 6.9 0.0325 7.8 0.0073 9.9 0.108

4.4 0.0663 8.7 0.021.8 9.8 0.004 11.9 0.148

5.2 0.0659 9.0 0.018 11.9 0.0015 14.9 0.178

7.0 0.062 10.9 0.0102 12.9 0.001 18.0 0.193

8.5 0.0566 12.5 0.005 21.0 0.198

9.0 0.0518 15.5 0.001

10.6 0.0441

11.0 0.041 1-

12.5 0.0322

14.0 0.023

15.7 0.017

17.1 0.0122

18.8 0.0068

21.6 0.0018
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Sm

x/D - 200:

/2 1 co 2  y/D xcO y y/ 21GD 02

0 0 0.06r 0.0 0.006 0.0 0.078

2.0 0.0594 2.0 0.005 2.0 0.08

4. 4.8.0 0.0048 ..0 0.OSA

6.0 0.0522 6.0 0.003 6.0 0.095

10.0 0.0421 lu.0 0.0012 10.0 0.,2.5
12.0 0.0346 12.0 0.0005 12.0 0.139

15.0 0.023 15.0 0.0 14.0 0.163

18.0 0.015 15.0 0. 16ro

20.8 0.0121 18.0 0.1 7

* 25.0 0.0037 21.0 0.2

25.0 0.20A

pC.-
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APPENDIX D
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FLOW ARRANGEMENT AND M-ASUREMENTS

stati' on s

*u --170

145

120 Measurements, o-. 120 , ,
- V, uv, u ,

l~4 T, t 9

\ / - * 7

\ / \ //
" ' I

Preinixed methane + air flame

,,< € 0.8

U 5.44 m/s,Re 14500

uo/U = 0.06
00

Velocity profile at pipe exit is not specified in detail but stated as unifot i except
cJose to the edge.

The mean temporatures are all presented as values in excess of the ambient
temperature.
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Fig. D,4, Radial distributions of axial and radial components of fluctuating.-
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FLOW ARRANGEMENT AND MEASUREMENTS

>4

229 ¢
measurements

U'V' TV- U'V
- - I~',' v i -

4C4

- -. I1 k4 4 .°

- U,

Prerruxed propane-air flame

Premnixed stream: propane-air mixture of equivalence ratio 0.6 at 293 K
U_ = 15 m/s

Pilot stream: products of combustion of propane-air mixture of equivalence ratio
0.68 at 1170 K U = 5m/s

Streamwise mean and fluctuating velocities specified 2 mm downstrearr. of splitter
plate.

All velocities, except in Fig. 2.2 are normalized with respect to a volume averaged
inlet velccity, Vc = 10 rr,/s.

Boundary layer profiles on splitter plate are normalized with respect to the
rlevant freestream mean velocity. (Fig. 2.2).

Density profiles and pdfs are ,normal;zed against the density of unburnt air-fuel

mixture.
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Fig. f).7. Boundary layer on sppt-ter plate measured at x 2mm
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Fig. D.S. Mean and fluctuating velocity profiles (Cont'd.)
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Fig. D.9 Characteristics of velocity components
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Fig. D.9 Characteristics of velocity components (Cont'd.)
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Fig. D.10. Variation of peak turbulence and vorticity thickness with streamwise distance
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